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Abstract

The design and development of an improved superconducting inductively
modulated transducer is discussed. The transducer is designed to optimize the
performance of a 2-mode, resonant bar, gravitational wave antenna.
A detailed theoretical analysis which includes all relevant noise sources is
described. Conditions for optimizing 2-mode detector performance are derived and
design curves are presented. Based on the results of this analysis, an optimal
transducer has been designed for use on the LSU gravitational wave detector.
The fabrication and testing of several optimal mass 400gm transducer
resonators is described. The effects of low temperature annealing on the mechanical
Qs of the Nb resonators are discussed.
The components of the transducer are discussed in detail. A superconducting
flux transformer has been made to provide proper impedance matching to the squid
amplifier. Its design achieves high coupling and low losses while a large d.c.
supercurrent flows in its primary. A suspension system has been built to measure
high mechanical Qs in heavy mass transducers. The suspension system did not limit
Qs below 1.8* 106.
Two optimized transducers have been built and tested. Both achieved high
electrical Qs of approximately 105. This electrical Q represents an improvement by a
factor of approximately 5 over previous inductive transducers used on gravitational
wave antennae. One of these transducers is mounted on the LSU gravitational wave
antenna which is being cooled to 4K at the time of this writing. All the design goals
for this optimized transducer have been achieved: optimal mass (~400gm), high
mechanical Q (=1.8* 106), high electrical Q (~1*105), strong coupling and optimal
impedance matching to a BTI d.c. squid amplifier.
x

The noise temperature of the LSU antenna equipped with this transducer is
predicted using the theoretical analysis mentioned earlier. Based on the system’s
measured parameters, the detector is expected to achieve a noise temperature of
=2mK. This represents a factor of 50 in improvement over its previous performance
level. By coupling the optimal transducer to a squid with an energy sensitivity of
370fi, an antenna noise temperature of less than 300|iK can be achieved while
operating at an ambient temperature of 4K.
The noise analysis of a 3-mode gravitational wave detector is given. Design
curves for optimizing the performance of a 3-mode system are presented. It is
concluded that an optimized 3-mode system operating at 4K can achieve a noise
temperature of 71jiK.

Chapter 1: Introduction

In 1916 Einstein predicted the existence of gravitational radiation based on his
theory of general relativity. Today, the detection of gravitational radiation remains one
of the most challenging experiments in physics. Its extremely weak interaction with
matter makes gravitational radiation difficult to detect. However, it is because of this
weak interaction that we can obtain information from the cores of stars during their
collapse and from other exotic phenomena such as black holes.
Pioneering efforts to detect gravitational radiation began in the 1960's by
Joseph Weber.1’2 Weber originated the basic theory and experimental technique for
detecting gravitational radiation. The Weber bar, or resonant antenna, provides a
means to "catch the wave" so to speak. The antenna is made of a large elastic mass
in the form of a right circular cylinder. A passing gravitational wave of proper
polarization and direction induces a time varying strain on the antenna. If the resonant
frequency of the antenna falls within the spectral distribution of the wave, then the
antenna will be resonantly excited. Due to the nature of gravitational radiation, only
modes of the antenna which correspond to changes in its quadrupole moment are
excited.3 The antenna is continuously monitored to detect such an excitation. An
excitation, or "event", is considered as evidence for gravitational radiation if it occurs
coincidently in several detectors at different sites.
The predicted amplitudes of gravitational waves are extremely small.4
Expressed in units of dimensionless strain, hc, they range downwards from 10'17. A
supernova collapse near the center of our galaxy which converts one percent of a solar
mass into gravitational radiation is expected to produce a wave of dimensionless
strain amplitude of order 10'18 at a frequency near 1 kHz.

1

2
The resonant antenna is well suited for detecting such a burst source. The first
quadrupole resonance of a large 3 meter long aluminum antenna occurs near 1 KHz.
However, thermal noise in the antenna-detector system limits the sensitivity of the
device. To reduce this noise, Bill Fairbank and William Hamilton developed the
cryogenic detector.5 Such detectors currently operate at 4K. They are presently the
most sensitive detectors in the world for measuring gravitational radiation. Their
current strain sensitivities are approximately 1*10'18. The cryogenic detectors
developed at the universities of Rome, Stanford, and LSU have recently been operated
in coincidence and have placed a new lower limit on the flux of gravitational radiation
incident upon the earth.6 However, no three way coincidences were detected. To
improve the chances for seeing a coincident event, the sensitivities of these detectors
must be further increased.
Since Weber's original room temperature detector, energy sensitivities have
improved by more than a factor of 1000. To increase sensitivities further, we can
enlarge the detector's absorption cross section for gravitational waves. This can be
done by increasing the mass of the detector or by choosing a high velocity of sound
material. Both of these options are being seriously looked at once again.7-8 Johnson
has looked more carefully at the advantages of a spherically shaped detector 9»10 which
would have omni-directional sensitivity and large mass. Another possibility is to
further reduce the operational temperature of the system. All three groups, Rome,
Stanford and L.S.U., plan to eventually operate detectors at 50 mK.
These efforts however will not reduce the dominant source of noise present in
systems today. This noise originates in the transducer used to measure the motion of
the antenna. The work presented in this thesis is concerned with the development of
a transducer which minimizes such noise.
In chapter 2 we introduce the two mode mechanically resonant detector. We
also describe the superconducting, inductively modulated transducer11 and the d.c.
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squid. To achieve low noise in the detector, the transducer must be carefully designed
and constructed. Proper design is determined by analyzing the complete detector
system. A noise analysis which includes all of the relevant noise sources is
presented. The performance or sensitivity of the detector is expressed in terms of the
noise temperature, Tn , of the system. The noise temperature can be related to the
detector’s strain sensitivity. For a cylindrical antenna of effective mass M, physical
length L, and angular resonant frequency to,

The conditions which minimize the detector’s noise temperature are determined. The
effects of varying the detector's parameters from their optimal values are explored.
Based on this analysis, we designed an optimized inductively modulated
transducer to maximize the performance of the LSU detector. To obtain low noise
performance we had to achieve high Qs in the transducer's mechanical resonator and
electrical circuit. To simplify the mechanical and electrical design of the transducer we
developed a unique single coil design.
In chapter 3 we discuss the fabrication of the high Q transducer resonator. The
effects of various anneals on the mechanical Q of niobium are discussed. Chapter 4 is
devoted to describing the details of the optimized transducer components. The
facilities and techniques developed for measuring the performance of the transducer
are also described.
Measurements on two transducers are presented in chapter 5. High electrical
Qs of order 105 were achieved in both transducers. This Q level is approximately five
times better than that of transducers used previously on gravitational wave detectors.
One of these transducers is currently mounted on the LSU detector. This transducer
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has achieved all of its original design goals: high mechanical Q, high electrical Q, and
optimized coupling to the squid amplifier.
In the second part of chapter 5 we predict the noise temperature of the LSU
detector equipped with this new optimized transducer. Based on the measured
transducer’s parameters and on the previously measured detector's parameters, we
expect that the LSU detector will achieve a noise temperature of approximately 2 mK.
This is 50 limes better than the previous detector's performance. This significant
improvement is a result of the new transducer and the replacement of our BTI rf squid
with a lower noise BTI dc squid. The parameters of our new transducer are much
better than those of the light mass transducer used previously on the LSU detector.
For example, the transducer's flux to displacement transfer function has been
improved by a factor of 2, the electrical Q has been improved by a factor of =10, and
the mechanical Q has been improved by a factor of =20. The transducer is designed
however, to maximize the detector’s performance while coupled to a very low noise
squid. We show in chapter 5 that the LSU detector is capable of achieving a noise
temperature of less than 300|iK if the optimized transducer is matched to a 37(ST squid.
Further improvement in the detector system can be achieved by developing a
system with a higher number of mechanical modes.12 For this purpose we have
analyzed a 3-mode detector in chapter 6. The conditions which optimize three mode
detector performance are found. From this it is concluded that a 3-mode detector
operating at 4K is capable of achieving a noise temperature of 71jiK or a corresponding
strain sensitivity of 8*10'20.

5
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Chapter 2:

Analysis of a 2-Mode Gravitational Wave Detector with a Single
Coil Inductive Type Transducer

In this chapter we analyze the performance of a two mode gravitational wave
detector equipped with a superconducting inductive type transducer and a d.c. squid.
We start by presenting a model for the gravity wave detector which includes all of the
relevant noise sources. The single coil superconducting transducer and the d.c. squid
are discussed next. Following this we solve our model in two ways under two slightly
different assumptions. In the first approach we analytically solve the equations of
motion and arrive at an expression for the noise temperature of the detector which
includes the back action and the cross correlation noise of the squid.1*2’3 In this case
we assume that there are no losses in the superconducting circuitry and that any
additional transducer losses can be simply lumped in with the "mechanical" losses of
the transducer resonator. In the second approach we rewrite the equations of motion
to include a.c. losses in the superconducting circuitry.4*5 Here the equations are
written in a matrix form which can be easily solved numerically.6 In this case, only
directly measurable noise sources are included; the back action and squid cross
correlation noise terms are ignored. In the last part of this chapter we calculate the
parameters of an optimized transducer. This transducer minimizes the noise
temperature of the LSU gravity wave detector.

A. Analysis Incorporating Squid Back Action and Cross Correlation Noise
The gravitational wave detector system is illustrated schematically in figure
2.1. The mechanical part of the detector can be modeled by a pair of coupled simple
harmonic oscillators where M represents the effective mass of the antenna and m
equals the effective mass of the resonating transducer diaphragm. K l, K2 and HI, H2
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mechanical connection

I

Fig. 2.1

Xo+X

I

Schem atic of antenna-transducer system

represent the spring constants and the damping coefficients of the antenna and
transducer resonators respectively. F and f are the Langevin forces associated with
the dissipation coefficients H I and H2. Zo and xo are the equilibrium positions of the
antenna and the diaphragm. The transducer is composed of the resonating diaphragm,
m, and the associated superconducting circuitry. The pickup coil Li is attached rigidly
to the body of the transducer and the transducer is mounted firmly to the end face of
the antenna. The variation from the equilibrium spacing between Li and the
diaphragm is therefore equal to x. Z is proportional to the strain in the antenna which
can be related to the strength of a passing gravitational wave.

1. The Superconducting Inductance Modulated Transducer
The resonant superconducting inductively modulated (SCIM) transducer7*8 has
proven to be one of the most successful transducers used on gravitational wave
cryogenic bar detectors. Its operational simplicity and good electrical impedance
matching to squid amplifiers provides appeal over other (e.g. parametric and
capacitive)9*10*11*12 types of transducers. In the following, we describe the operational
principle of a single coil inductively modulated transducer.
The heart of the transducer is the resonant superconducting diaphragm. By
adjusting the resonant frequency of the diaphragm so that it equals the resonant
frequency of the antenna, the total mechanical energy in the system is transferred back
and forth between the two masses at the beat frequency,
( 2 . 1)

where <or is the resonant frequency of the two oscillators. In the absence of any
fluctuating noise forces, the oscillation amplitudes of the two masses, Zmax and xmax,
are related using energy conservation,

In a gravity wave detector, M is much greater than m. Therefore, the resonant
transducer acts as a mechanical amplifier to the antenna motion. This mechanical
amplification improves the impedance match between the mechanical and the electrical
parts of the detector.
To minimize noise, all of the electrical circuitry in front of the squid amplifier is
superconducting. The pickup coil, Lj, is a flat, spiral shaped inductor that is positioned
very close to the transducer’s diaphragm. The motion of the diaphragm changes the
inductance of the pickup coil according to
Ll = L o ( l - ^ i ) = L o -a x (t)

(2.3)

where,
d

(2-4)

and d is the equilibrium spacing between the diaphragm and the inductor.
This modulation produces an a.c. signal current that is proportional to the diaphragm's
displacement.
A d.c. supercuirent, I0, is stored in the loop Li, L2 . The transformer, having a
mutual inductance,
M 2 3 = Y2 3 VL2 L 3 ,

(2.5)

couples the a.c. signal to the input coil of the squid, Li. The transformer optimizes the
impedance match between L i and Li, and it decouples the squid from the d.c. current
which would otherwise produce a constant magnetic flux in the squid loop that could
degrade the squid's performance. Mi is the mutual inductance between the squid loop
and the squid input coil and is given by
Mj = YiVEjL .

(2.6)

Since magnetic flux in a superconducting loop is quantized, we can write the following
equations:
O i = Li(lo + I) + L2(lo + 1) + M23li}

(2.7)

<J>2 —M 23(lo+l)+L3li+L-iIi+M fJ ^

(2.8)

along with the initial conditions,
d>i = LoI0 + L 2 I0 ,

(2.9)

<J>2 = M 23I o ,

( 2 .1 0 )

where J is the time-averaged circulating current in the squid loop.
By substituting equations (2.3), (2.9), and (2.10) into (2.7) and (2.8) we find that the
currents in the two loops are
j _ (L3 + Lj)alox(t) + M 2 3MjJ
(l 0 + l 2Xl 3 + Li) ~ M232
T _ - M 23a l 0x(t) - (L0 + L2 )Mj J

z

;;

(Lo + L2XL3 + L i) - M 232

(2*U )

.

(2.12)

Since the flux threading the squid loop is M jlj, we can define the constants
c_

-M jM 23aIo
(Lo + L 2 XL3 + Li)—M2 3 2

u_

(2.12a)

~(Lq+ L^M j2____
(L0 + L2XL3 + Li) - M232 ‘

(2 J2 b )

and identify c as the transducer flux to displacement transfer function and b as the
squid low frequency effective inductance. To provide maximum signal flux to the squid,
the transducer constant c, should be maximized.
Current in the pickup coil creates a magnetic a force on the diaphragm. This
magnetic force can be easily calculated if we simplify the transducer circuit to the one
shown in figure 2.2. Here Itot is the total current in the loop, Leq is the total effective
inductance, and FCoil is the force produced by the coil. The total electrical energy is
simply
TT

ItOt2 * L l , Itot *L eq

u = ~ 2

+ --------------------------------------------------------------------------- (2.13)

Using flux quantization,
<&0 = L i*Itot + Leq*Itot >

(2.14)

which implies,
(2.15)
Using equations (2.13) and (2.15) we get
(2.16)
Since, FC0ii = - ( ^ % ( x))<e>» an<* usin§ Itot = Io + 1 and equation (2.3) we get
(2.17)
The first term in equation (2.17) is the d.c. force term which causes a net displacement
of the diaphragm from its equilibrium position. The second a.c. term results in an
additional restoring force on the diaphragm which allows us to tune the frequency of
the diaphragm. We can therefore define a magnetic spring constant as AK =

•

Using equation (2.11) we find

(2.18)
m

Itot

Leq

x

Figure. 2.2 Equivalent transducer circuit

When the transducer is not bolted to the antenna, but is being tested as an
isolated system, we must consider the transducer’s diaphragm as being connected to
the transducer's body having effective mass m' through a spring of constant K2 as
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shown in fig 2.3. In this situation the resonant frequency of the isolated system is
given by
(2.19)
where the reduced mass u =

m' + m

. The shifted angular resonant frequency due to

magnetic tuning is
/ AK + K2
© . - 'W ------------

(2 . 2 0 )

J<= V —

Combining equations (2.18), (2.19), and (2.12), we can write the tuning equation for
the transducer

ft2 = f02 + n 02

(2-21)

F = |_ L f -------------a 2— ~-----W Jj . t
M232 1
T 0 + L2 " ( U T l J / -

(2.22)

where,

The shift in the equilibrium position of the diaphragm due to the d.c. magnetic force is
simply
d = do + 1 ^ 4
2 jncoo

(2.24)

where do is the equilibrium spacing with zero stored current.
The electro-mechanical coupling coefficient is defined as
p = — 4 K— = i _ / | o ]2

H AK + K2

IfJ •

(2.23)

Note that we have P<1 as expected for a passive transducer. Finally, the squid
energy coupling coefficient, Pi, is defined as the ratio of the a.c. signal energy in Li to
the mechanical energy of the oscillator. 7 Using equation (2.12) we get
g. -

Li I_______ M23aIo_______ \2
mM ( L o + L2XL3 + Li) - M232/ ‘

13
m’
m
" w

r -

figure 2.3 Reduced mass system

2. The D.C. Squid
The last stage of the transducer is the d.c. squid. The squid is, in itself, a flux
to voltage transducer. In this short discussion on the d.c. squid we familiarize the
reader with the noise sources intrinsic to the d.c. squid. These sources must be
accounted for in a noise calculation of a gravity wave detector. Other aspects relevant
to gravitational wave experimentalists are also discussed.
The RSJ (resistively shunted junction) model of a Josephson junction 1 3 ’14
provides the basis for a theoretical model of a d.c. squid and is depicted in figure 2.4.

O

V(t)

c zz

Figure 2.4 The symmetric d.c. squid
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The squid consists of a superconducting ring of inductance L, with two identical weak
links having a maximum critical current I0. The device is current biased with lb and the
output voltage across the squid loop, V(t), provides the signal which is a function of
the external flux threading the squid loop. The linearity of the device is maintained by
an appropriate feedback circuit. The Josephson junctions are modeled as having a
capacitance, C, and resistance, R, in parallel across the weak link. For useful
applications the device should have no hysteresis in its I-V characteristic. To remove
any hysteresis, a shunt resistor is added across the junction. R therefore refers to
both the shunting resistance and the intrinsic resistance due to quasiparticle tunneling
across the junction. The current generators, In i (0 and In 2(0 represent the noise
sources due to dissipation in the resistors, R. C represents the capacitance of the
junction. The Johnson noise in the resistors produce an intrinsic output noise voltage
across the squid loop, Sv(co)oc kbTR. The current generators produce a circulating
noise current in the squid loop, S j(co) «=

Furthermore, the circulating noise

current can also produce a flux noise in the squid loop which in turn appears as an
output voltage noise. Therefore, one expects the existence of a cross correlation noise
term, Syj(o)).
There exists a nonlinear set of equations of motion for the d.c. squid which are
a combination of Josephson relations and Kirchoff s laws. These have been solved
numerically by Tesche and Clarke . 1 5 *1 6 Their results, which agree in general with
experiment, have been summarized2:
1. Squid performance is optimized when P 'r=

« 1,
where

d>o s 2.07* 10 15 Wb = the flux quantum.
2. The flux to voltage transfer function is V<j, ~ R/l •

(2.26)
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3. The power spectral densities are approximately
Sv(co)= 16kbTR

(2.27)

S?(co)=

(2.28)

S$j(G))= 12kbT

(2.29)

4. The intrinsic energy sensitivity is
16kbTVLC

(2.30)

In reality, a d.c. squid may not be perfectly symmetric, however Tesche's numerical
simulations show that some asymmetry in the squid does not affect these results.
The energy sensitivity can be improved by making the squid loop smaller
according to equation (2.30). However, a practical limit is imposed by the requirement
that the input coil (Li = lpH) needs to couple efficiently to a much smaller squid loop
inductance (L « a few pH’s). An appropriate figure of merit to use when discussing
squid applications is therefore the extrinsic energy sensitivity Se(co).
(2.31)
where,

Ii/ co) = the equivalent input current noise [A/VHz].
The noise performance of commercial squids is usually described in this manner. We
note that the output voltage noise, Sv(co), can be represented by an indistinguishable
equivalent flux noise threading the squid loop, S^co) = ^ v(co^ y ^ 2 .
A fundamental limit on the sensitivity of d.c. squids is imposed by quantum
mechanics. R.H. Koch has calculated the quantum limited performance17 of an
optimized d.c. squid and found a limiting energy sensitivity of ^ /iH z ~ h/2 at T ~ 0.
Near quantum limited performance has been achieved1 8 ’1 9 ’2 0 *2 1 and the application of
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quantum limited squids to gravity wave detectors operating at millikelvin
temperatures will be an important and demanding challenge for the experimentalists.
The incredible energy sensitivity of a quantum limited squid can be appreciated
by the analogy illustrated in figure 2.5. Here we show that the energy quantum, hf at 1
KHz, is equivalent to the gravitational energy associated with dropping a single
electron from a height of 7.4 cm in the earth's gravitational field. To take full
advantage of a quantum limited squid however, all other noise sources in a gravity
wave detector must be simultaneously reduced to near quantum limited values.
Present gravitational wave detectors are approximately a factor of 105 away from this
condition.
hf = me gh => h « 7.4 cm ( f « lK H z)
me =9.11*10

7.4 cm

I

-31

Kg

g = 9.8 m/s 2

zzzzzzzm zm zzzzzzzzzzz.
Figure 2.5 Quantum limited squid energy analogy

Let us now estimate the limiting amplifier requirements for a 4K detector. The
narrow band brownian noise energy in a harmonic oscillator can be shown 7 to be
roughly
4kbTW

= Ebrown

(2-32)

where, t s = sampling time and Treiax = oscillator energy relaxation time. For a
gravity wave detector the practical limits are xs ~ 1 msec and
^reiax =

~ 103sec (q~6*106, f=lKHz). This implies Ebrown ~ 4 Q0 h f . Therefore, a
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squid with an energy sensitivity of ~300ftf should be sufficient for 4K detector
operation. Squids with energy sensitivities of =370ft operating at 4K have been
fabricated. B. Xu has tested2 such squids made in collaboration with J. Clarke at U.C.
Berkeley. However, their Pb-PbO-Nb Josephson junctions were not reliable; a more
rugged junction technology such as Nb-Al203-Nb is needed for a gravity wave
observatory.
The low frequency circulating current spectral density, Sj(co), constitutes what
is called the "back action" noise. When a d.c. squid is connected to a SCIM
transducer, the circulating current noise can couple back to the input inductor, Li, via
the mutual inductance Mi. This noise then circulates thru the pickup coil and excites
the transducer diaphragm due to the electro-mechanical coupling coefficient, 0. In a
case where 0 is large and the transducer Brownian noise is small, the back action
noise may become larger than the Brownian noise term. This results in a transducer
noise temperature which is larger than predicted from Brownian noise sources alone.
This scenario in fact, represents a possible method of measuring squid back action
noise. Until now, this has only been measured by coupling the input of a "noisy" squid
to the input of a "quieter" squid and then measuring the noise level of the quieter
squid.2 2
There exists a second possible source of back action noise which has nothing
to do with the intrinsic squid noise, but rather is a consequence of the feedback
circuitry .2 3 To make the squid behave like a linear amplifier, a feedback signal, derived
from the squid output voltage is sent back to a modulation coil (see figure 2.6). The
mutual inductance between the squid loop and the modulation coil permits a feedback
flux to thread the squid loop and maintain the squid at a constant operating point.
Should however, there be a mutual inductive coupling between the squid input coil and
the modulation coil, the feedback signal could, under proper conditions, pump energy
back into the diaphragm. This difficulty can, in principle, be avoided by careful
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engineering of the squid device. However, one should be aware of this possibility
when coupling a squid to high Q circuitry.

to preamp

modulation and
feedback coil
Figure 2.6 Squid feedback coil

3. The Antenna-Transducer System
In this section we write the equations of motion for the complete antennatransducer system and derive an expression for the noise temperature of the system.
In this model we assume no losses in the superconducting circuitry. Therefore, flux
conservation and the results of section 1 apply. In reality additional losses occur
when the coupling coefficient, |3, is increased from zero. These losses are manifested
as a reduction in the Q of the transducer. Henceforth, we shall refer to Qioaded* as the
transducer Q value at its operating value of (3. The origin of these losses is unknown.
Therfore, a model which includes the appropriate noise generators is also unknown. In
this section these mystery losses are added to losses associated with the
transducer's spring. Thus, the mechanical Q of the transducer, Qt, should be replaced
hy Qloaded when mystery losses are present.
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Using results obtained in the last section we can write the equations of motion
for the coupled antenna-transducer system.
mx(t) + H 2 x(t) + K2 x(t) = -oclol - mZ(t) + f(t)

(2.33)

MZ(t) + HiZ(t) + KjZ(t) = a l 0l + H 2 x(t) + K2 x(t) - f(t) + F(t) + Fs(t)

(2 -34>

The d.c. magnetic force term,

ocIq2/
12

, is accounted for by substituting the shifted

equilibrium values for Lo, d, etc. If we substitute equation (2.11) into equations (2.33)
to (2.34) and collect terms involving x(t) we get
Z + X+

+ o),2x = jL(cJ + f)

(2.35)

Z + £ l Z + 0 ) , ? Z - - J W x = -U -c J + Fs + F - f)
Qa
MQt
M
M

(2.36)

where,
=

I'M t

M ,

, _ K2 + AK

t

Q, = ! M l = Qloaded

m

H2

and Fs represents the signal force on the antenna. If we express all of the time
dependent quantities in terms of their fourier integrals we get
-co 2 Z(co) + x(co)j-0 ) 2 + jaifft + cot2J = ^ c J + f(co))

(2.37)

Z(co)j-o)2 + jco^a- + o)a2J - x(w)*a|jco^ + C0t2J =
w
,
-^ (-c J + Fs(co) + F(co) - f(o)))
M

(2.38)

Using equation (2.37) we solve for Z( oj) and then substitute the result into equation
(2.38) and get

'

^

cJ+ W l j a i 'M ^

-c J + Fs(co) + F(cd) - f(co))

=
(2'39)
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where, Gi^co) = -co2 + j c o ^ + coa2 ,
Qa

G^f® ) = - ® 2 + j c o ^ + cot2 .
Qt

From equation (2.39) we can solve for x(co). The result is
*(®) =

+ f(co)) + W ^ ) (f H + Fs((o))

(2'40^

where,
Wi(a>) = .

,

,

M

W 2( a ) =

vmco2

- 1 *
/

The flux threading the squid loop due to the input current is
= Mjlj = cx(co) + bJ(co) .

(2.41)

Therefore, the time averaged circulating squid current and output voltage is given by
J(co) = 4 c o ) + J^bJfco) + cx(co))

(2.42)

V(co) = V?(co) + V<j)(b7(co) + cx(co))

(2.43)

where J<|> is the flux to current transfer function. Solving for j(co) in equation (2.42),
and then substituting the result into equation (2.40) we get
x(co) =

1 - b Jd
(m(l - bJ<j>) - W 2 c 2 J^,
Jw ^ F ,!© ) + F((o)) + W2 f(<0 ) +

<2'44>

The voltage at the output of the squid is found by solving for j(co) in equation (2.42),
and then substituting the result into equation (2.43) and substituting equation (2.44)
into (2.43). Doing so we find
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V((o) = Vff((o) + ——
—jffico)
f l - b J 0 - m - iW 2 c2 J 0 nV ’
Vaiti- i W ic
, .
V ^ n r^ c
rf ,
v
-F(g>) + ----------^------ -— tt ^ ® )
l-b ^-m -iW ^^
1 —bJ(j( —m- ^W2 c 2 J(|)
V0 m-iW ic
.
H----------------------------- Fs(®)
I —bJ<j) —m -1W2c2J(j)

^ 45)

Multiplying equation (2.45) by its complex conjugate and noting that all of the noise
sources are uncorrelated except the squid current and squid voltage noise sources, we
finally arrive at the expression for the noise spectral density at the squid output.
S > > ) = S$(«>) +

+

11

- bJ^ - m“tW 2 C2 J^,j2

+ 2r J

(b + M - ^ V , ! , U
\ 1 - b j , - m“ 1W 2 C2 J^p/

({0)

+ . . . J Vg - lcJ W ^
Sf(to)
II - bJ^ - m -1W2c2J(j)|2
.

. J y g ’c J w . p
j 1 - bJ^> - m ^ ^ J ^ p

(2.46)

To calculate the optimum signal to noise ratio and the noise temperature of the
system, we must make some assumption about the form of the gravity wave signal.
Burst sources of gravity waves are the most likely candidates for detection by
resonant antennae. A burst source arises from the gravitational collapse of a stellar
object due to supernova explosion or from the collision of two solar mass size objects.
Most of the gravitational radiation emitted from a burst is expected to last for a time,
x, on the order of a millisecond.2 4 The peak in the spectral density of the radiation
occurs around ® -

2 jc/

/

and the bandwidth is of order, Ao)~ co.

Since x « Xreiax holds, the gravity wave signal appears as an impulse on the
antenna. This signal can be approximated by a delta function which deposits an
energy, E, into an antenna of mass M. The impulse signal force is therefore
F s(t)= V2 EM 8 (t) .

(2.47)

The signal spectrum over the bandwidth of the detector appears white.
V2EM8(t)e~j®tdt
(2.48)
From equation (2.45) we see that the signal spectrum at the output of the squid is
IVs(co) |2 = | A(g>JFs(g>)|2

(2.49)

where,
V((,m_1Wic
1 —bJ<j, —m_1W 2 C2 J^
From the theory of optimal filtering, the maximum value of the signal to noise ratio,
S/N, is given by 25,26,27

(2.50)
The noise temperature, Tn, of the system is defined in terms of the impulse energy, E,
which makes the signal to noise ratio equal to one .4 Thus, setting E = kbTn , S/N =1,
and solving for Tn we get

(2.51)
The noise temperature is an extremely important parameter. It determines the
overall sensitivity of the detector system and it is used to compare the performance of
different detectors. The expression for noise temperature is a complicated function.
Its exact form depends upon the details of the particular system. However, to
maximize the detector’s performance we must minimize the expression for noise
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temperature. In this way we can determine the optimal values for the system’s
parameters.

B. Analysis Incorporating A.C. Losses
In this section we model a.c. losses by including a series resistor in the
superconducting circuitry as illustrated in figure 2.7. Modelling a.c. losses in this
manner is different from our model used in section A. There we assumed that a.c.
losses were associated with mechanical dissipation. If a.c. losses are large compared
to the other noise contributions then the two models can predict different noise spectra
at the squid output. For the model used here the electrical noise produces an
asymmetry in the shape of the total noise spectrum when both oscillators are perfectly
tuned. Observation of such an asymmetry would help to identify the source of the a.c.
losses. However, this has not been observed yet.
In the gravity wave community the a.c. losses are generally referred to as
electrical losses because the circuit resistor model is most commonly employed. In
actuality, the electrical losses may originate in the superconducting diaphragm or in
the electrical wiring. One possible mechanism for these losses is trapped flux motion.
Trapped flux motion may occur in the diaphragm or in the superconducting transformer,
both of which are in the presence of a relatively large magnetic field. We point out that
in this model we assume the resistor affects only the a.c. current - the stored d.c.
supercurrent does not experience any dissipation as is the case experimentally.
To simplify the circuit problem we model the squid as a linear current amplifier
as done by Michelson and Taber.4 In this model In represents the squid input current
noise. This determines the white noise level for the squid. vs is the squid voltage
noise which produces the back action. vs and In are assumed to be uncorrelated,
therefore there is no cross-correlation term. vs is difficult to measure. From theory, vs
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is estimated to be small in comparison to our other noise sources. Therefore, we shall
ignore vs for the remainder of this discussion. However, it can be easily incorporated
into the analysis if desired, v is the voltage noise associated with the electrical
losses which are represented by r.
m

o><
Io+I
til

I
x

squid - linear amplifier model
Figure 2.7 Transducer circuit with a.c. losses

We begin by writing the equations of motion,
MZ(t) + M ^ -jz (t) + Mcoa2 Z(t) - m^px(t) - mo)o2 x(t) - <xl0l = F(t) - f(t)

(2.52)

mZ(t) + mx(t) + m |^jx(t) + mcoo2x(t) + alol = f{t)

(2.53)

where co0 and Qo are the transducer's angular frequency and mechanical quality factor
at I 0 = 0 . Since we have resistance in our electrical circuitry we must write out
voltage loop equations rather than flux conservation equations.
- I 0a x + Loi + I r + L 2 i + M 2 3 li = v

(2 .5 4 )

M 2 3 i + (L3 + Li)ii = 0

(2.55)

By using a fourier transformation we can write equations (2.52) thru (2.55) as a set of
linear equations. Written in matrix form we have,
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F'
z
V XI = A Vf

(2.56)

LoJ

LiJ
where,

1-10 0
0 10 0

A =

0 0 10
L0 0 0 1

Vn

= M(coa2 - to2 + jco ^ )
\

V12 = -mjcoo2 - o)2 + jco ^ j

Q a/
V i4

V 13 = - a l o

=0

V22 =

mjcoo2 - CO2 + jco^-J

V 23 = a l 0

V 24 =

0

V3i = 0

V 3 2 — ajcolo

V33 = r + jco(Lo + L2)

V 34 = jO)M 23

V 21 = - m t o 2

V 41 =

0

V4 2 = 0

V43 = j © M 23

V 44 = jco(L3 + L i)

By defining G = V- 1 A we can solve for the squid input current,
Ii

= G4 1 F + G42f +

G43V.

The total current noise spectral density at the squid input is

thus,
Si = | G 4 1 |2Sp + 1G42pSf + 1G 4 3 pSv + In(to p .

(2.57)

We easily see that the signal to noise ratio is
' |G 4 i F ,( m ) |2

s /n

=

dco

Si

Using equation (2.48) we can write the noise temperature as

(2.58)
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Tn =

kbM

I

hi

[G4 1 P do)

(2.59)

Si

C. Optimizing the Transducer
In this section we determine the transducer parameters which optimize gravity
wave detector performance. We begin with the superconducting circuitry. The squid
energy coupling coefficient Pi, is a parameter which we wish to maximize. For given
values of L j, and Lj, the primary and secondary inductances of our matching
transformer must be determined. We introduce the dimensionless parameters
A, s k
L0 ,

a-

.L l
L3 ,

a3S

-!5 2 2 L
LoiiOJo2 .

(2.60)

Substituting equations (2.5), (2.21), (2.22), and (2.60) into (2.25) we get
Pi =

Y232A l A 2A 3

____________________

[l + (l —Y232)Al + A2 + A 1A 2 ]2 + A3(l + A2 I I + (1 —Y232)Al + A2 + A 1A 2 ]

Maximizing Pi, with respect to Ax and A2 we find
a

Al

_ ^1 + A3(l + A2 )
--------0— I—
1 ~ Y23 + A2

A , = [^ + A3 + Ai(l - Y232)][l + Ai(l - Y2 3 2)]
( 1 + A i X 1 + A i + A 3)

M
(2.61)
n 62)

Solving equations (2.61) and (2.62) simultaneously, we get the transformer design
equations:
a _ J 1+A3
Al - V 1 3 ^ 2
a
A
2 = VR1 - Y23 2

(2.63)
( 2 ’6 4 )

The next variable under our control is the mass of the resonant diaphragm. To
determine the optimal mass, we must numerically evaluate the detector noise
temperature as a function of transducer mass. However, before doing this, we wish to
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explain intuitively why there is an optimal mass. A first thought would be to make m
as small as possible since Pi «=

. However this makes the beat period (eq. 2-1)

between the oscillators large which in turn allows the Brownian noise, 4kbT

s , to

^relax

dominate because for resonant operation the sampling time xs = ^ / 'i -

•

Increasing m decreases the brownian noise term but also decreases the signal input to
the squid. However, increasing m also increases the detector’s bandwidth and the
detectability of the signal depends upon its power which is a product of the signal level
times the bandwidth of the detector. We note that for a two mode resonant detector
the bandwidth is roughly

, which equals the mode splitting of the coupled

oscillator system. Obviously the signal amplitude must must be larger than the white
noise level of the squid. This therefore sets a limit on the maximum value of m. The
best choice for m will be a compromise between the various noise terms and the signal
level.
We now analyze how the noise temperature varies with the transducer's mass.
To do this we shall parameterize the transducer constant, c, in terms of the transducer
diaphragm's effective mass, fundamental constants, and the squid’s parameters. By
substituting the transformer design equations into the expression for c, we get
________________ -Y23MjaIo____________________

VlSU [(1 + A3)0-25 + (1+ A3r°-25][l + Vl - Y232] '

(2-65)

As long as the critical field of the superconductor is not exceeded, then
B = Honlo

(2 .6 6 )

a = lioScn2

(2.67)

Lo = a d

(2.68)

where B is the magnetic field in the transducer gap, Sc is the area of the transducer
pickup coil, 1 /n is the spacing between adjacent wire turns in the pickup coil, and
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|io = 4tc10 7[H/M] is the permeability constant. Substituting equations (2.66) thru
(2.68) into (2.65) we get

c=
pomdcoo2

jiomdcoo2

(2.69)

Expression (2.69) clearly shows that to maximize the transducer constant we
must use the largest possible coil area, and the smallest possible gap. However, the
strength of the magnetic field is limited to the first critical field of the niobium
superconducting diaphragm. To maintain a high electrical quality factor, Qe, the
magnetic flux must not penetrate into the diaphragm. The exact value at which flux
penetration begins depends upon the surface condition of the Nb. Hence, the largest
value of B at which we can operate and simultaneously maintain a high Qe value has
to be determined by experiment. Qe appears to be independent of B up to the first
critical field, which for a high Qe diaphragm ( Qe > 105 ) is approximately 0.12T .2 8
If we assume that the coil area is equal to some fixed fraction of the diaphragm
area, then
Sc “=y ,

where t is the diaphragm thickness.

(2.70)

As we change the diaphragm's size we must also ensure that its internal resonances
are held constant. These resonant frequencies of the diaphragm are proportional to its
thickness and inversely proportional to the area of the diaphragm .2 9 Combining this
with (2.70) we get
Sc «: t

(2.71)

To leading order we see that c « f t , which implies the interesting relation,
(2.72)
Substituting the above relations into (2.69) yields
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c=

-W 5 "

„
1 +_ng!
r
tu [ l + Vl —TS34]
l\
^fnd|ioCOo2/
S
where T] = —

y *

+ f 1+

i g»

V

^mdnoCOo2/

(2.73)

is a constant which depends upon the specific geometry and material

constants of the transducer. For the mushroom transducer which we have built and is
-2

described in chapter 4, T| = 10 . Straight forward substitution shows

Vind|ioG>t:

A,=

^
•vffidjiocoo2

d = do +

qB 2
2 VmpoO)o2

«>o2 = cot^l - p ) .
As mentioned earlier, Qioaded depends upon p. For small coupling, P<0.5, the
dependence can be described by the equation 7
1
Qioaded

—1 | P
Qo Q e

(2 -74)

where Qe is the electrical quality factor of the superconducting circuit. Using this we
can now evaluate our expression for the noise temperature given by equation (2.51).
We do this by calculating c, and Qioaded after solving for p, A3 , coo> and d in an
iterative, self-consistent fashion. The noise spectral densities associated with the
ffla
®t
mechanical oscillators are Sp - 2kbTM—an(j
S
f
2kbTm
aiiu
—
d
o
Q
a

Vloaded

The results are shown in figure 2.8 which plots the detector noise temperature
vs transducer mass for various Q values and squid energy sensitivities. The values of
the parameters used in this calculation are listed in tables 2.1 and 2.2. Most of the
squid parameters listed in table 2 . 2 have been measured2 except for the squid current
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noise and the cross correlation noise terms whose values we calculate based upon the
Tesche and Clarke theory. For the 3fi squid19 we must assume some values for its
parameters and then calculate the noise terms in a manner consistent with the Tesche
theory.
The current to flux transfer function can be expressed as 30 J(> = - -jr - ^
where L is the dynamic inductance and &is the squid’s dynamic resistance. While
operating at a flux bias of

—» 0. s^is typically on the order of a few ohms.
4

£j

Therefore, for practically values of interest, Sn(co) is approximately independent of J qSeveral important features are illustrated in figure 2.8. First of all, the optimal
transducer mass strongly depends upon the squid energy sensitivity. To take full
advantage of the very low noise 370R squid over the 1000R and also the much noisier
23,000H B H squid, we must design our transducer with an effective mass of at least
200 grams. If we were to use a light mass transducer (m<20g), transducer noise
would dominate and substitution of a 370S squid for the BTI squid would yield no
improvement in the detector's sensitivity. Secondly, for a given squid the optimum
mass decreases only very slightly as the transducer Q improves by as much as a
factor of 10. Thirdly, since the curvature at the right side of the minimum is small, it is
not detrimental to build a transducer with an effective mass slightly greater than
optimum. The reader should keep in mind that the results are plotted on a log-log
scale; the same results plotted on a linear scale would, of course, appear very
dramatic. For interest we have also plotted Tn versus m using a near quantum limited
3fi squid. We see that for detector operation at 4K, the optimal mass becomes so
large that it is impractical to build. However, ultralow temperature operation at 50 mK
requires a transducer mass of approximately 400g once again. Comparing figures 2.8
and 2.9 we see that operating a 400g transducer on a 4K antenna requires an amplifier
of no better than 300R. After that, improving the squid by another factor of 100

decreases the noise temperature by only a factor of 2. Therefore, to take better
advantage of a quantum limited squid coupled to a 4K antenna, an alternative design
should be considered, perhaps a multimode detector.
The scaling of noise temperature with transducer Q is displayed clearly in
figure 2.10. We see that there is little improvement once the antenna reaches a Q
value of 5 million. Furthermore it is obvious that performance is limited by the
antenna or the transducer depending on which one has the lower Q — this is expected
since the system is operating as a coupled oscillator. Finally we show the effect of
detuning the transducer from the antenna's resonant frequency (913 Hz). This is done
by varying the mechanical resonant frequency while keeping P constant. For a light
mass transducer tuning is very critical for obtaining optimal noise performance. For a
heavy mass transducer we can afford to run slightly detuned if necessary.
To summarize this chapter, we have described the transducer and analyzed the
antenna-transducer system. We have shown how to optimize the detector’s
performance by using the transformer design equations and by choosing an appropriate
transducer mass. We have presented several design curves and we have discussed
the limiting requirements of a 2-mode detector operating at 4 K.
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Antenna temperature
Antenna mass
Antenna Q value
Antenna frequency
Transducer frequency (loaded)
Transducer mechanical Q
Transducer electrical Q
Transducer gap
Magnetic field in gap
Transducer scale factor
Transducer transformer coupling
coefficient

T
M

4.2 K
1148 Kg
9*106
2*rc*913 H z
2*71*913 Hz
2*106
1*105
80*IQ-6 M
0.1 T
l*io-2 M2/[Kg]i/2
0.9

Qa

0)a
G)t
Qo
Qe

do
B
T1
723

Table 2.1 Noise calculation parameters

Squid input coil
inductance
[H]
Squid loop inductance
TH1
Squid mutual inductance
[HI
Squid flux to voltage
transfer function
[V/Wb]
Squid voltage noise
[V2/H z]
Squid current noise
[A2/H zJ
Squid cross correlation
noise
[VA/Hz]

BTI squid
2*10-6

1000 h
0.12*10-6

370 n
0.12*10-6

3h
0.12*10-6

—

0.4*10-y

0.4*10’y

o.4*io-y

Mi

20.4* 10'y

6*io-y

6*10^

6*10-y

V,

2.415*1012

1.26*10io

1.5*10^

1.5*10^

3.2* 10-15

13.5* 10‘21 5.56*10’21 6.62* 10-^

6.4* 10-22

2.5* 10-22

Li
L

os °v
<5°
«

o

1.06*1 O'22 1.26* 10-24

16.8* 10'22 6.95*10-22 8.28* 10‘24

Table 2.2 Squid parameters
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Chapter 3:

Description of the Niobium Resonators and Mechanical Q
Measurements

In this chapter we describe four versions of a niobium resonator which we have
built and tested for mechanical Q. Two of these were eventually used to build the
inductive transducers described in the next chapter. We learned in chapter 2 that high
Qs are essential in order to minimize the fluctuating Langevin noise forces which are
present in any mechanical oscillator. For this reason niobium is used because of its
excellent mechanical and electrical properties at cryogenic temperatures. While a
record Q of 2.3* 108 at 4K has been measured for the 1.5 tonne Nb antenna at the
University of Western Australia,1 there is unfortunately no guaranteed recipe for
producing ultra high mechanical Q niobium. The Q of niobium can vary tremendously
and depends upon its processing, cold work, and heat treatment. Studies on the
acoustic loss mechanisms of Nb at low temperatures have been done.2*3 However,
the origin of some of the mechanisms which occur at liquid helium temperatures are
not understood and the effects of subsequent anneals on Nb have only been described
in a more or less qualitative way.
To make inductive transducers it is of course necessary to machine niobium.
Machining induces cold work in the Nb which lowers the mechanical Q to a value of a
few hundred thousand. Annealing is required to restore the Q to a value of several
million. In practice one generally needs to stress relieve Nb before its final machining
and then anneal it again afterwards. In addition, it may be neccessary to do several
iterations of machining and annealing in order to properly tune the transducer
resonator to the antenna frequency. Therefore, one must confront the problem of
annealing Nb if one hopes to achieve high Qs. Additionally, Nb oxidizes rapidly at
elevated temperatures and so the annealing must be done in vacuum. The limited
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availability of large, hot-zone, high vacuum furnaces prompted us eventually to
construct our own furnace in order to control the Nb heat treatments. The construction
of the furnace is described in an appendix of this thesis. It should be noted that this
chapter is not to be regarded as an investigation on the internal friction of Nb at
cryogenic temperatures -- our resources were spent on developing the facilities and
techniques needed to build inductive transducers. We merely present the results of
our experiences since they may benefit others in this field.
Besides mechanical losses in niobium, electrical losses have been the limiting
factor in the performance of inductive transducers.4 The origin of these losses is
unknown. However, evidence seems to suggest that the losses occur at the surface of
the Nb diaphragm near the stored magnetic field, which might then suggest that
impurities are a cause for this dissipation .5 In recent years the commercial processing
of Nb has improved significantly; this was largely due to the efforts of the RF
superconducting cavity people to understand the electrical loss mechanisms which
plagued them. To take advantage of this, our philosophy at the beginning of this
project was to develop a transducer fabrication procedure which minimizes the amount
of post material processing. For this purpose we investigated the effects of annealing
Nb at low temperatures for short times (-1000° C for =1 hour). We found, as did
Ferreirinho, that high mechanical Qs of 4.9* 107 were obtainable. High temperature
annealing (1800° C) was avoided because it does not seem to improve the mechanical
quality factor further 6 »7 >8 and can increase the chance of sample contamination.

A. Description of the Niobium Resonators
The niobium resonators we have built consist of a circular disk, free at its
edges and clamped at its center. The design was derived from the Italian capacitive
transducer develped by Rapagnani9 which has demonstrated high Qs. Since the
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capacitive transducer does not require the Meissner effect to operate, it is fabricated
from A15056 rather than Nb. Figure 3.1 shows a cross-sectional view of two versions
of the "mushroom" resonators we have made. In the first version the mushroom
resonator was simply bolted to a Nb base. Eight, 10-24 pure Ti screws, coated with
Molykote dry lubricant to avoid seizing, were used for bolting. Ti was used because
its thermal contraction coefficient is slightly greater than that of niobium and therefore
the structure tightens up rather than loosens as it cools down. Pure Ti was used
rather than its stronger alloy 6A14V because of its higher Q . 1 0 Although this design
demonstrated a relatively high Q of over 1*106 in its transducer mode, it was soon
abandoned because its resonant frequency could be changed slightly as the tension on
the bolts was varied. Also, in this design several surfaces needed to be aligned
simultaneously during the transducer's assembly.

To avoid these problems a second

version was designed in which the mushroom resonator was electron-beam welded to
its base. This avoided the problems associated with bolting and ensured a uniform
plane across the base and diaphragm surfaces by machining and flat lapping across its
face. Three different diaphragms were tested using this second version.
The frequencies, in hertz, of the various modes of the mushroom resonator are
predicted well by the formula below . 11
/
V
4rca2

E

\

Mi - v l )

where E = modulus of elasiticity, p = the density, v = Poisson's ratio, t = the
thickness of the diaphragm, a = the outside radius of the diaphragm, b = the inside
radius over which the diaphragm is clamped, i = the number of nodal diameters, j = the
number of nodal circles and the coefficients A.ij are given in table 3.1. For niobium
E«1.0*10 11 [Pa], p=8.58*103 [Kg/cm3], and v=0.3.
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4.8'

vent hole
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Figure 3.1 Mushroom resonators

2

b/a
i
0
1
2

3
0

j

0 .1

0.3

0
0
0
0
1

4.23
3.14
5.62
12.4
25.3

6 .6 6

6.33
7.95
13.3
42.6

0.5
13.0
13.3
14.7
18.5
85.1

0.7
37.0
37.5
39.3
42.6
239

Table 3.1 Mode coefficients for natural frequencies of mushroom resonator

41
The mode patterns are illustrated in figure 3.2. The transducer mode is the foo
mode. This mode has a large surface displacement which is used to modulate the
inductance of the transducer pickup coil that is placed near its surface. Associated
with this mode is a large center of mass motion which couples vibrational energy
directly through its base into the suspension system supporting the resonator. The foo
mode is therefore difficult to isolate and a measurement of its mechanical Q is often
dominated by losses in the suspension system. The nodal diameter modes exhibit an
asymmetric displacement of the diaphragm surface and therefore cause little net
displacement of the diaphragm's center of mass. For this reason, these modes are
well decoupled from the suspension system supporting it and can provide a good
measure of the intrinsic Q of the material. Details of the fabrication procedure for each
of the resonators are described next.

foo

Figure 3.2 Mode patterns of mushroom resonator
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1. Sample 1 - bolted mushroom.
Sample one was cut from a stock of 5" diameter unannealed rod of commercial
purity, 99.9% Nb, purchased from KBI, Cabot Corp., Boyertown, PA. Its chemical
analysis as supplied from the factory is listed in table 3.2.
A1
B
C
Ca
Cd
Co
Cr
Cu
Fe

<10
<10

25
<10
—

<10
<10
<10
<10

H
Hf
Mg
Mn
Mo
N
Ni
O
Pb

5
—

<10
<10
<10

15
<10

Si
Sn
Ta
Ti
V
W
Zr

<10
<10

430
<10
—

<25
<10

90
—

Table 3.2 Factory analysis of chemical impurities in ppm for sample 1

After its initial machining it was tested for mechanical Q. It was later annealed in the
Stanford vacuum furnace and tested again. The annealing was done in a vacuum of
2*10-6 torr at 1030° C for 1 hour. It was cooled to 700° C over a period of 3 hours and
then allowed to cool, uncontrolled in vacuum, for 24 hours. To investigate the effects
of tuning and work hardening, we machined a 1 " diameter by 0 .0 1 1 " deep circular
recess at the center of the diaphragm and then lightly lapped it on 600 grit
carborundum paper and retested for Q.

2. Sample 2 -- welded mushroom configuration
Sample 2 was cut from the same stock as sample 1. It was electron beam
welded to its base and annealed at Stanford by Jerry Pauley. The base was cut from a
piece of commercial purity Nb purchased from Fansteel Corp. Chicago II. The electron
beam weld parameters are listed in table 3.3 To ensure full recrystallization of the
weld, 1 2 the piece was annealed at 1300° C for 3 hours in a vacuum of 1 * 1 0 - 6 torr.
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vacuum
weld speed
high voltage
beam current
sharp focus

4*10'^ torr
2 0 "/minute
125 KV
17 mA

Table 3.3 Electron beam weld parameters

During the annealing we employed a technique for improving the RRR (residual
resistivity ratio) of Nb that was developed by the researchers producing ultra high Q
superconducting cavities. 13 They found that lowering the oxygen impurity level in Nb
improved its 3R value. We wanted to know whether improving the 3R value would
have any effects on the electrical losses of Nb at acoustic frequencies.
The method we used to improve the 3R value was done as follows. 1 4 The
niobium was surrounded by a Ti foil pillbox (Yttrium may also be used) with tungsten
support fixtures used to maintain separation between the foil and the Nb. The
combination was then heated together to 1300° C. During annealing a Ti vapor layer
collects on the surface of the niobium. Since Ti has a higher affininty for Oxygen than
Nb does, the layer acts as a getter for O 2 from the Nb. The Ti-oxide layer is later
removed by acid etching or by electropolishing the Nb.
The Ti layer that deposited onto our sample gave it a dull gray color and a
rough surface finish, as if the metal was rubbed with 400 grit sandpaper.
Unfortunately, during annealing the Ti pillbox collapsed partially and left several spots
where Ti foil had melted and stuck to the niobium. To remove these spots sample 2
was immmersed in a bath of concentrated HC1 acid at 50° C for 10 hours. This
removed most of the Ti except for a few residual "high" spots which were resistant to
further acid treatment. As fate would have it, one "high" spot was on the diaphragm.
Since overall flatness of the diaphragm is important, this high spot was carefully
sanded down by hand with 600 grit carborundum paper until only a (1.5mm) 2 area
remained 50 pm above the plane of the diaphragm. The resonator was then
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electropolished . 15 The initial electropolishing was done for 2 hours and removed
approximately 15 (im of material from the surface. The mechanical Q was then tested
and found to be low. This indicated there was some Ti oxide remaining on the
diaphragm surface. The resonator was then electropolished again for 7 hours which
removed another 50|im of material. After this polishing the niobium surface appeared
very smooth and lustrous and the crystal grains became quite visible which probably
meant that some preferential etching had occurred along the grain boundaries. The
mechanical Q was then tested several times and was found to have improved
significantly. The foo mode was measured and found to have a Q of approximately
1*106 at 4 K which proved that the electron-beam welded joint was satisfactory. All
of the measurements which we present on sample 2 are for this annealed,
electropolished state.

3. Sample 3 —welded mushroom configuration
It will be discussed in chapter 5, that the electrical Q of sample 2 was
measured and found to be « 1 0 5 which is higher than the previous norm by a factor of
=5. We were very encouraged by this result and decided to continue investigating 3R
niobium. Since commercially produced Nb having large 3R values was now available,
we decided to abandon the Ti gettering technique and purchased some high purity,
"Stanford grade", 3R plate from Cabot corp. 3R material was used for both the
mushroom and its base. During the final machining we discovered that the material
was in a highly stressed state and would consequently warp to a new direction after
each machine cut across the face of the diaphragm. It was later learned that the
material had been rolled down from 6 " thick plate to 1.5" and had not been annealed.
In this state, the Q was so awful that striking the diaphragm in air at room
temperature produced a sound similar to striking a piece of wood. Upon cooling to 4 K
we found that the Qs were limited to 2.2* 105. We attempted to straighten the warped
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pieces by beating them with a hammer and bending in a press. We then sent them
back to Cabot for annealing at 1000° C for 1 hour. After annealing we immediately
retested for Q and found that they were now limited at 1*106 at 4K. Although the
results were so far discouraging, we continued with its fabrication. Electron beam
welding was done again at Stanford and was followed by electropolishing for 2 hours
which removed 40|im of material. The piece was then annealed by Dr. M.V. Moody at
the University of Maryland for 3 hours at 1050° C at a pressure of «10 - 6 torr. The
pressure was limited by the large evolution of hydrogen which had been absorbed by
the Nb during electropolishing. The sample was retested for Q and we again found the
highest Q to be only 1*106 while the transducer mode measured only 5*105. By this
time we had become frustrated mailing our samples around the country to get them
annealed and so we spent a summer constructing our own vacuum furnace. In an
attempt to improve its Q, sample 3 was annealed in the LSU furnace at 1130° C for 10
hours at 2*1 O' 7 torr. Measurements at 4K showed that a dissipation mechanism was
now limiting Qs to less than 106. In a final effort to save the piece, we annealed again
in the LSU furnace for 2 hours at 5* 10' 7 torr at its maximum temperature of 1400°C.
Measurements showed no change from the previous state with the same dissipation
mechanism limiting the Qs to less than 106 at 4K.

4. Sample 4 ~ welded mushroom configuration
The large dissipation peak near 2K present in sample 3 made it useless as a
transducer. To conserve material, sample 3 was cut from its base and sample 4
replaced it. Sample 4 was made from 3R material purchased from Teledyne Wah
Chang (Albany, OR) which had been annealed at the factory before shipping. Its
chemical analysis and 3R rating as supplied from the manufacturer is listed in table
3.4.

46
A1
B
C
Ca
Cd
Co
Cr
Cu
Fe

<20
<1

<30
<20

<5
<10
<20

<40
<50

H
Hf
Mg
Mn
Mo
N
Ni
O
Pb

<5
<50

Si
Sn
Ta
Ti
V

<20
<20

<50
14
<20

<50
<10

920
<50
<20

w

36

Zr

<100

3R

215

50
<20

Table 3.4 Factory analysis of chemical impurities in ppm for sample 4

To avoid the problems encountered with sample 3, annealing was done at low
temperatures and for short times in the LSU furnace. Its fabrication steps were the
following. After rough machining a stress relief anneal was done at 850°C for 1 hour
at a pressure of =4*1 O' 7 torr. The sample was machined to final dimensions and taken
to Stanford for e-beam welding. While working at Stanford we discovered that the ebeam focus control on the welder was not functioning properly. Without a sharp focus
there was no way to estimate the weld penetration depth. In spite of this, we welded
anyway. After welding we lapped the diaphragm surface flat on 600 grit carborundum
sandpaper, then annealed at 850°C for 50 minutes and then did Q tests. We
measured a maximum Q of 4*106 in the f2 0 mode but only 6*105 in the transducer
mode. Being uncertain of the quality of the weld we decided to re-weld the piece at a
commercial firm, Beam Alloy, Houston, TX. Their weld parameters are listed in Table
3.5.
vacuum
weld speed
high voltage
beam current
sharp focus

l ’fclO-4 torr
2 0 "/minute
115 KV
5.8 mA

Table 3.5 Electron beam weld parameters used at Beam Alloy

After welding we annealed at a slightly higher temperature of 928°C for 50
minutes at 2* 10' 7 torr. Using a squid to read out the diaphragm motion, we found Qs
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of 7*106 in the nodal diameter modes and 1.8* 106 in the transducer mode with no
signs of any dissipation peak at 4K. Sample 4 was left in this state, no
electropolishing was done.

B. Hardware and Experimental Technique for Measuring Mechanical Qs
Our samples were tested in a large 14" dewar insert. The dewar insert was
carefully designed to ensure that it would endure many thermal cycles. Thermal
stress on critical parts of the insert was eliminated by inserting expansion joints in all
tubes which connect the vacuum space of the experimental chamber (at 4K) to the top
of the cryostat (at room temperature). Three separate tubes which did not penetrate
the vacuum space were used to support the experimental chamber. In this way, strain
was avoided at solder joints which "see" the vacuum space. The insert has been
cycled many times and no leaks have developed.
Gas damping was avoided by pumping the experimental chamber down to a
pressure of less than l|i during measurements. For most of the measurements the
samples were supported by fine wire; in later measurements we developed a double
dead bug support in order to measure the Q of the foo mode. For sample excitation
and readout on all measurements except on sample 4, we used a small Piezoelectric
Products SG-2M strain gauge trimmed down to 2 mm 3 volume which was glued near
the center of the diaphragm with 5 minute epoxy (Cole-Parmer). A minimal amount of
glue was used at all times to minimize damping. Early measurements on sample 1
showed that Qs of nearly 5*107 were obtainable using this readout. However,
measurements done 2 years later on sample 4 showed that the PZT was limiting the
Q in the transducer mode to ~7*105. We do not know the cause for this, but we
suggest that a capacitive readout would avoid such problems. Measurements on
sample 4 were done using a squid readout while testing it as a transducer.
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Each vibrational mode of the resonator can be modeled as an independent
damped harmonic oscillator. To avoid any ambiguity in the definitions of Q and decay
times, we write the differential equation for damped harmonic motion below.
co0 .
2
mx + hIq-x + mco0 x = F(t)

(4 1)

By solving for the homogenous form of the above equation and defining the amplitude
decay time, x, by

xfx)

i
20
= 4- we see that x = ^

where coo is the undamped angular

resonant frequency. Therefore, to measure Q we simply need to excite the resonant
frequency of interest and then measure its amplitude decay rate.
Initial measurements were taken by hand. Later we began to notice some
interesting structure in the Q vs T plots and desired more data. By studying the
dissipation (Q '1) in solids as a function of temperature and frequency, one gains
knowledge about the impurities and defects present in the material. 1 6 To provide
some sort of characterization of the materials we were using, we decided to measure
the dissipation versus temperature for several modes of our samples. Such
measurements could be easily done in the course of our efforts to construct inductive
transducers. To relieve ourselves from the tedious task of measuring Qs by hand, we
automated the Q measurement and data collection using an H.P. 9000 series 300
computer. A block diagram of the data acquisition system is illustrated in figure 3.3.
One lead from the PZT was connected to the signal generator. To excite a particular
mode of the diaphragm, the computer would briefly turn on the signal generator and set
it to drive at the resonant frequency of interest. The mode was typically excited to an
amplitude approximately 50 dBV above the ambient noise level. The other PZT lead
was connected to a low noise FET preamplifier, whose output went to a spectrum
analyzer, from which the frequency and amplitude of the signal were recorded.
Temperature data was collected from a small Lake Shore Crytronics DT-500 series
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thermometer attached to the resonator base. By letting the dewar run out of liquid we
could monitor the vibrational amplitude, Q, frequency, and temperature of the sample
dining warmup.

HP 9000 series 300
computer
HPIB

Multimeter

Lake Shore
Cryotronics
temperature
controller

HP 3325A function
generator

HP 3561A spectrum
analyzer

PZT leads
PAR 113
preamp

thermometer
leads

dewar

experimental chamber
sample
Figure 3.3 Q data collection system

C. Results
The typical temperature dependance of a mode frequency in niobium is
displayed in figure 3.4. Here we have normalized the mode frequency with respect to
its maximum frequency, which occurs at the superconducting transition temperature,
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9.2 K. The exact shape of the curve canvary slightly dependingupon the state

of the

sample.However, the overall normalized shift between 295Kand4K is the same to
within 1% for all samples. The typical temperature dependance of mode frequency at
low temperatures is shown in figure 3.5.
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Table 3.6 summarizes the state in which each of the samples was tested. The
results of measurements on samples la and lb are listed in table 3.7. There we see
that in the machine-workhardened, unannealed state, the Qs are limited to 6 * 1 05.
Also evident are the lower values of Q at 77K which result from work-hardening.
After light annealing the Qs improve dramatically. A Q of 4.9* 107 was measured in
the f2 0 mode. Figure 3.6 shows the temperature dependence of Q 1 for sample lc
which was slightly work hardened after the light annealing. There we see the
presence of a large dissipation peak at 140K which is the well known "hydrogen-cold
work peak" 1 7 d 8 observed in cold-worked BCC metals containing hydrogen impurity.
The hydrogen is absorbed by the niobium during stress caused by cold work or
machining . 19 We see that light work hardening reduces the Q from its previously
unannealed state, but it is still rather high at 9*106.

Sample 1
state a:
state b:
state c:

unannealed
annealed at 1030° C for 1 hour
lightly work hardened

Sample 2
annealed at 1300° c for 3 hours and electropolished
Sample 3
RRR cold rolled plate
annealed at 1000° C for 1 hour
electropolished
annealed at 1050° C for 3 hours
annealed at 1130° C for 10 hours
annealed at 1400° C for 2 hours
Sample,.4

annealed at 850° C for 1 hour
annealed at 850° C for 50 minutes
annealed at 925° C for 50 minutes
Table 3.6 Condition of Nb samples during measurements
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Temp. mode
295 K f20

sample
sample 1 state

freq.
1.1 kHz

1 .0 * 1 0 5

1.1 kHz

7.3+104
5.7* 105
1.5* 10^

O

mode
f30

freq.
2.7 kHz

f30

2.7 kHz

Q
8 .6 * 1 0 4

3-

77 K
4K
295 K

sample 1 state
kD

*20

77 K
4K

5.4* 105

3.6* 105
4.9* 107

—

4.0* 10s
2.4* 107

Table 3.7 Q measurements on samples la and lb
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Figure 3.6 Temperature dependence of Q ' 1 for the foo and f2 0 modes for sample lc

Figures 3.7 display the temperature dependance of Q ' 1 for three different
modes of sample 2. We see several features here. The first and most important
feature for our purposes is the increasing Q ' 1 at 4K seen in the f2 o and f3 o modes. This
feature is not seen in the foo mode because of its higher Q "1 background level. This
feature has been consistently observed by Ferreirinho in recrystallized Nb samples
(i.e. samples annealed above 1000° C) and has been seen to increase with the degree
of annealing and recrystallization. The hydrogen-cold work peak at 140K is absent
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due to this sample's annealed state. However, a dissipation peak at 90K is present
and is attributed to the relaxation of 0(N)-H complexes. 2 0 The height of the peak
indicates the degree of hydrogen contamination 21 which in this case was a result of the
electropolishing that was done after vacuum annealing.
In figures 3.8 we show the temperature dependance of Q ' 1 for sample 3 after
annealing at 1400° C. These measurements are nearly identical to those taken after
annealing at 1100° C. However, less data was taken after the 1100° anneal and is
therefore not shown. The effects of annealing the previously very heavily work
hardened sample are the following. First, a very large dissipation peak develops at
2K and second, subsequent annealing at higher temperatures (1400° C) has no effect
upon reducing this peak. We also note the absence of the 90 K peak which was
attributed to H contamination. This implies that vacuum annealing done after
electropolishing removes a significant amount of hydrogen impurity.
No Q _1 versus T data was collected for sample 4. However, Qs as high as
7*10 6 were measured at 4 K after low temperature annealing at 928° C. Furthermore,
the measurements which have been done between 4 and 6 K indicate that the Q is still
rising with decreasing temperature implying the absence of any low temperature
dissipation peak.
To summarize, we have examined the effects of annealing, working-hardening
and hydrogen contamination for 4 Nb samples. We have seen that low temperature
annealing between 900° and 1000° C does not produce a low temperature dissipation
peak but does produce high Qs and is therefore an optimal anneal as suggested by
Ferreirinho. Anneals at higher temperatures (1300° C) result in a small dissipation
peak below 4 K. For samples which have been very heavily work hardened, annealing
for long periods at 1100° C yields a very large dissipation peak at 2K; subsequent
annealing at higher temperatures does not remove the peak which therefore suggests
that the dissipation mechanism is a consequence of the samples recrystallized
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state .2 *2 2 We have plotted the temperature dependence of the mode frequencies of Nb
- information that is needed to properly tune the resonator to the antenna at 4K.
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Chapter 4:

Construction of the Mushroom Transducer and its Test Facilities

A. Design of the Transducer
The analysis in chapter 2 showed that a transducer with a resonant mass of
approximately 400 grams is needed to optimize 2-mode gravity wave detector
performance. In that analysis we assumed an antenna mass of 1148 Kg which equals
the effective mass of the LSU antenna. To satisfy the transducer mass requirement, a
mushroom shaped resonator was electron beam welded to a large base mass. Its
fabrication was described in chapter 3.
The mushroom resonator with a single coil pickup has several advantages over
earlier transducer designs. It is simpler than the original Paik design 1 which employs
a light mass diaphragm with 2 pickup coils, one on each side of the diaphragm. This
simplification reduces the total number of pieces required for the tranducer’s assembly
which improves reliability. The single coil design has fewer high current
superconducting joints in the electrical circuitry. The mechanical resonator and the
electrical circuit are separable; their parallel plane geometry provides easy assembly
and a small gap spacing over a large surface area. This is required to obtain high
electro-mechanical coupling. The resonator’s base must also be carefully designed .
It is not easy to achieve a high mechanical quality factor in a heavy mass transducer.
Our experience shows that a large base to diaphragm mass ratio is helpful in reducing
the Q degradation that occurs when the remaining transducer parts are bolted to the
resonator. Our design permits economy in the overall size and weight of the
transducer while retaining the large base to diaphragm mass ratio.

58

59

B. Superconducting Circuitry
In figure 4.1 we show a cross-sectional view of the transducer and the
associated superconducting circuitry.

1. The Pickup Coil
In chapter 2 section B we discussed the pickup coil requirements. We showed
that the coil should be designed to have a large area, an appropriate value of
inductance and overall flatness in order for it to be placed close to the diaphragm. A
large surface area is provided by the mushroom resonator. This is because the area
around its outer circumference is an anti-node while its center is a vibrational node.
This is in contrast to other designs in which the anti-node is at the center. Our coil is
therefore wound in the form of an annular disk, one wire diameter thick. Its outside
diameter is made slightly smaller than the diaphragm. This is done to avoid
concentrating a strong magnetic field at the sharp edges of the diaphragm. The inside
coil diameter is approximately 1/2 the diaphragm's diameter. The coil inductance is
chosen so that it can be matched well to the small squid input inductance using the
matching transformer. To maintain a high coupling coefficient, 7 2 3 , in the tranformer,
Lo should not be too large compared to Lj. We recall that Lo=|ioScn2d where Sc is the
coil area, d is the effective gap, and 1/n is the wire diameter. We see that Lo can be
made small by decreasing d; however in practice the spacing is usually limited to ~ 50
|i.m due to dust and irregularities in the coil. The other option is to increase the wire
diameter. But, this has limitations also. We want to operate at a maximum magnetic
field strength, B=0.1T. Since B=|ionIo, the stored supercurrent must be increased as
1/n is decreased. To do this we must use heavier wire for the power leads which carry
the charging current from room temperature to the transducer coil. However, the use
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of heavier power leads can result in a larger liquid helium boil off rate for the
experiment — an important consideration for a long term experiment (~ lyear).
Another limitation arises when the wire radius becomes larger than the physical
spacing between the coil and the diaphragm as shown in figure 4.2. The inductance is
roughly proportional to the volume between the coil and the diaphragm; this volume
increases when larger diameter wire is used. Since the volume equals Scd, the
effective gap must increase. This is detrimental because the transducer constant, c,
decreases since it is proportional to 1/d. To circumvent this, the coil could be lapped or
machined down so that the wire facing the diaphragm is flattened out. However, this
is difficult to do in practice.

g = 0 .0 0 2
0 .0 0 2 " diameter wire

superconducting plane

/////////////A
g = 0 .0 0 2 '

0.009"
diameter
wire

Figure 4.2 Comparative cross-sectional view of coils with 0.002" wire and 0.009" wire
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The coils are wound on G-10 fiberglass coil forms and glued with Stycast 1266
(Emerson and Cummings) epoxy as shown in figure 4.3. Originally we used Macor
(machinable glass cermic, Dow Coming) for our forms, however we discovered after
several thermal cycles (between 295 and 4 K) that the wire-glue combination would
partially separate from the Macor - this caused mechanical dissipation which took
some time to discover. Although the G-10 is less mechanically stable than Macor, we
could obtain relatively flat, parallel surfaces by careful machining. The benefit of the
G-10 is that the glue adheres extremely well to it — we experienced no separation
problems using G-10. To make the coils, Nb or Nb-Ti wire is wound into the slot
formed between the step in the G-10 and the flat plate which is pressed against the
top of the step during the winding process. The step dimension is equal to the wire
diameter so that a flat, spiral shaped inductor, one wire diameter thick is formed. Glue
is poured into the space during the winding process. The top plate is made of
plexiglass with a thin sheet (0.010" thick) of F.E.P. teflon inserted between it and the
glue. The use of plexiglass and F.E.P. teflon allows us to observe the coil during the
winding process. It also permits removal of the top plate and the teflon sheet after the
glue has cured. Before winding, the plexiglass is lapped and polished flat since it may
slightly warp after machining. Before gluing, the G-10 is carefully cleaned and
degreased. The winding is done by hand on a lathe to which a revolution counter is
affixed. We use Stycast 1266 epoxy resin from Emerson and Cummings because of its
low viscosity rating and good dielectric properties. New glue is used each time the
coils are made. Old glue, even though not beyond its expiration date, was discovered
to not adhere well in the case of our Macor samples.
Four, 3/8"-24 blind holes tapped into the G-10 along with four Nb screws
anchor the coil form against the Nb coil holder. This arrangement produces reliable
high mechanical Q connections. Earlier efforts involved gluing the coil form to the coil
holder. These connections were unreliable and generally showed Q degradation upon
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thermal cycling. Nb is used for the coil holder and the screws because it provides
good electromagnetic shielding and low electrical losses in its superconducting state.
The Nb screws are carefully cleaned and bathed in HNO 3 to get rid of any
contaminants. Molykote 321 dry lubricant is sprayed on the mating surfaces between
the Nb bolt head and Nb coil holder to prevent the surfaces from galling. Tightening
the bolts just enough to make them feel "snug" is sufficient to ensure a high Q
connection. To minimize stray inductance, the lead to the center of the coil is glued
into a groove with cyanoacrylate before winding the coil. Both leads then come off the
edge of the coil together as a twisted pair and are glued with 5 minute epoxy (ColeParmer) into a groove on the back side of the G-10.

0.412"

*

t

5.075"

k

0.300"

0.020"
3/8" 24 tapped blind hole
flat bottom

3.525"
4.300"

plexiglass

teflon

/
/

G-10
fiberglass

Figure 4.3 G-10 coil form and coil winding arrangement
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2. The Matching Transformer
To optimize the impedance match between the transducer pickup coil and the
squid input coil it is necessary to use a flux transformer with the appropriate
impedance ratio. The optimal values for the transformer's primary and secondary are
given by the transformer design equations (equations 2.63 and 2.64 chapter 2). We
note that for a single coil transducer, the circuit arrangement shown in figure 4.1
maximizes the displacement to flux transfer function. However, in this design the full
d.c. current flows in the transformer's primary and hence the transformer must be
carefully designed to avoid a.c. losses.
To avoid large magnetic fields inside the transformer while simultaneously
obtaining a large primary inductance (-100 pH), the transformer's axial length is made
less that its diameter. The wire diameter of the transformer primary is chosen to be
greater than or equal to the pickup coil's wire diameter 1/n; this ensures that the
magnetic field near the transformer windings is less than or equal to JxonI0 which is the
field at the pickup coil that operates near Hci (the first critical field of the niobium
superconductor). For this same reason the primary winding is made only 1 layer thick.
To achieve a large coupling coefficient, the transformer secondary is wound in a single
layer using large diameter wire; the diameter is chosen so that the winding covers the
length of the primary and simultaneously gives the correct inductance.
We comment here that two transducers were constructed and tested —
transducer A and transducer B. They are discussed in the next chapter. Transducer B
is mounted on the LSU antenna. The transformer used on transducer B is wound on a
G-10 fiberglass form. Its diameter equals 0.750". The primary consists of 89 turns of
0.0058" diameter pure Nb wire. The secondary is wound over the primary with 17
turns of 0.027" diameter pure Nb wire. Stycast 1266 epoxy is used to bond the wires
to the G-10. No flux concentrator 2 is used for fear of degrading the electrical Q. Three
10-24 niobium screws anchor the transformer to the transducer coil holder. To
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maintain high electrical Q we isolate the magnetic field of the transformer by shielding
it inside a 1.5" diameter Nb hat as shown in figure 4.1. No normal metal is used inside
the hat. Superconducting joints are made at the base of the transformer using G-10
screws in order to reduce the 0.027" leads to more convenient 0.0058" diameter leads.
Both pairs of transformer leads return to the circuit box inside lead tubing which is
seated inside a groove machined beneath the Nb hat and circuit box.
The parameters of the transformer have been carefully measured at low
temperature in a separate test using an a.c. impedance bridge. The primary and
secondary inductances measure 104 pH and 4.6 pH respectively and the coupling
coefficient is very high, Y2 3 = 0.977. This achieves near optimal matching between the
80 pH pickup coil of transducer B and the 2 jnH squid input inductance.

3. Heat Switches and Superconducting Joints
The remaining circuitry, heat switches, and superconducting joints, are housed
inside a Nb circuit box. The squid is separate from the transducer and is located in the
liquid helium bath. A twisted pair of superconducting leads inside of small diameter
lead tubing carries the signal between the transducer and the squid.
The heat switches are made by winding 7 turns of Nb wire non-inductively
around a 400 Q ,1/8 watt carbon resistor. The diameter of the Nb heat switch wire is
chosen to be larger than the pickup coil wire diameter. This is done to ensure that the
Nb leads at the switch do not burn up in case of an accidental quench under vacuum.
The resistor is first wrapped with I layer of thin lead foil. The assembly is potted
together using 5-minute epoxy. The power required by the heat switches for trapping
the supercunent depends upon the pressure inside the experimental chamber and the
heat sinking of the switches. The circuit is never charged under vacuum for fear of a
quench during charging. Typically we charge with 100 microns of gas inside the
experimental chamber. Charging is done quickly in about 5 seconds with about 0.010
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watts supplied to each heat switch. To charge the transducer, both heat switches are
turned on and current is sent down the power leads. Current passes thru L and L 2
which are in a superconducting state while the parallel path between the power leads
is in a normal state due to the heat switch. After setting the desired amperage, the
heat switch between the leads is turned off and the circuit loop, L-L 2 , becomes
superconducting again. The current remains trapped in the loop due to flux
conservation while the power supply is turned off. The heat switch in the secondary
loop is used to protect the squid from large induced currents and can now be turned off.
The superconducting joints are made at G-10 terminal blocks inset into the Nb
coil holder and glued in place with G.E. 7031 varnish. The joints are made in the
manner described by Blair, et al. 3 The wires to be joined are twisted together, a piece
of 3 mill thick Nb foil is folded in half around the wires and then the arrangement is
screwed down as tightly as possible between two flat brass washers. Before
applying pressure, the wires and foil are thoroughly etched in a mixture of 1 part 97%
HNO 3 , 2 parts 49% HF, and 1 part H 2 O. To minimize the exposure of normal metal
inside the circuit box, the brass washers and screws are coated with lead.

C. Tuning the Transducer
To properly tune the transducer for resonant operation on the antenna, we need
to know the resonator diaphragm's effective mass and spring constant K2 which
determines its resonant frequency. In principle this can be determined by attaching
the transducer to several different masses and measuring the resonant frequencies in
each case. Using equation (2.19), fo =

27C V r1

, we can solve for K2 and m.

However, in practice the problem is much more difficult. There are two components to
the problem which make it difficult - compliance in the transducer base and compliance
in the flange used to connect the transducer to the antenna or another mass.
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Compliance in the base can permit the base to participate in the vibrational
motion of the diaphragm. This increases the diaphragm's effective mass. The motion
is shown conceptually in figure 4.4. The additional dynamic mass lowers the resonant
frequency of the system. We have observed this effect by mounting the transducer in
a way which allowed us to change the compliance of the base. First we mounted the
transducer against a large, rigid proof mass with the only contact point being between
the proof mass and the outside circumference around the base. Later we mounted it in
the same fashion but included shims at its center. This created a rigid contact at the
center and around the outer circumference which resulted in a stiffer base. The
frequency was observed to increase by several hertz over the first case which implied
that the effective mass had been reduced.
In a small mass transducer (-20 g) the spring constant connecting the
diaphragm to the transducer base is small compared to the spring constant associated
with its base. In a large mass transducer (-.5 kg) these two spring constants can
become comparable. The base spring constant can be increased by thickening the
base but this quickly makes the transducer cumbersome because of its heavy weight.
To minimize the dynamic mass contributed by the base it is best to mount the
transducer in a fashion which supports the base rigidly at its center and outer
circumference. For various reasons however, it was necessary to use the existing
flange that is welded to the LSU antenna. That flange only supports the transducer
around a 4.25" diameter.
This leads to the second component of our problem, the compliance in the
flange itself. The flange is machined from 5056 aluminum alloy and is shown in figure
4.5. The small diameter end is welded to the antenna and the transducer is mounted
against the larger end using bolts which pass thru the large holes. The spring

Figure 4.4 Motion of compliant transducer base
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Figure 4.5 Compliant flange
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constant of the flange for motion parallel to the axis of the antenna is calculated to be
3.5* 109 N/m. The effect of not having a perfectly rigid connection between the
transducer and the antenna is modelled as shown in figure 4.6.
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Figure 4.6 Model of antenna-flange-transducer system

The equation of motion for this system can be easily written and solved
numerically. Here M l and K1 represent the antenna's mass and spring constant. K2
equals the spring constant of the flange. M2 equals the mass of the transducer body
and the flange. M3 and K3 represent the effective mass and spring constant of the
transducer resonator. The effect of not having an infinite spring constant, K2, is shown
in figure 4.7. In our calculation we assume that the diaphragm and the antenna are
tuned to the same frequency, i.e. —

= (27tfr)2 where fr = 913 Hz. In figure 4.7

we plot the response of M3 due to an impulse on M l for 2 cases. In one case we set
K2 to a very large value. In that situation the bandwidth (i.e. the frequency difference
between the two resonant peaks) equals 18.3 Hz. In the second case K2 = 3.5* 109
and the bandwidth increases to 19.3 Hz. We note that the center frequency between
the two resonant peaks shifts downwards as K2 is made smaller. For a given K2, the
center frequency can be shifted upwards again if f3 in increased above fr, however, the
frequency splitting continues to increase if this is done. We also see that there is less
displacement response at the center frequency for smaller values of K2. Hence, if one
strictly assumes the two mode model used in chapter 2 one might easily interpret
these results as an increase in the effective mass of M3.
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Figure 4.7 Effect of compliant flange on response of M3

The effects of bolts used to attach the transducer to the flange are difficult to
assess. However, we can say that the bolts should be of large diameter and short
length in order that their spring constants be large. They must also be torqued
sufficiently to ensure a rigid contact between the flange and the base. We use 3/8"
diameter by 3/4" long aluminum bolts and consider them satisfactory.
To measure the effective mass and resonant frequency of the transducer
resonator, we welded flanges to three significantly different masses. The flanges
were identical to the one on the antenna. We measured the resonant frequencies and
used the model shown in figure 4.6 to estimate the transducer's effective mass and
spring constant. The masses were usually supported by a dead bug or hung by a wire.
K1 was therefore weak and could be measured or calculated. M l and M2 were
measured, K2 was assumed equal to the flange internal spring constant, 3.5* 109 N/m.
We then fitted for M3 using our model. It is difficult to obtain accurate results without
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doing elaborate testing and fitting for all the parameters of the system. However,
based on our assumptions we estimate transducer B to have an effective mass of
~450gm and an uncoupled resonant frequency of 900 Hz at 4 K. This frequency is
expected to be too low to obtain perfect resonant operation with the antenna. The
effect of detuning the transducer from the antenna's resonant frequency of 913 Hz was
calculated in chapter 2 and displayed in figure 2.11. Based on those results the
transducer frequency of 900 Hz should be close enough to resonant operation to not
significantly degrade the detector’s performance. Therefore, the transducer was left in
the state described in chapter 3; no further machining and annealing iteration steps
were done.
We comment that the effective mass for a mushroom type diaphragm has been
calculated theoretically by Ogawa and Rapagnani4. They find that meffective=
0 .7 4 5 * m physical- In their calculation they assume that the diaphragm is connected to

an infinitely rigid base. The diaphragm of transducer B has dimensions of 4.800"
diameter by 0.187" thickness which gives it a physical mass of 4 7 6 grams. For our
diaphragm-base-flange system, we have measured m effective= 0 .9 4 5 * m phySicalComparing this to the theoretical results gives a measure of the additional compliance
in our system.
To summarize, there are two effects which can degrade the detector’s
performance. One is the dynamic motion of the base which increases the effective
mass M3. This reduces the transducer’s tuning curve and its electromechanical
coupling coefficient. The second is due to the weak flange which reduces the response
of the diaphragm to an impulse on the antenna. However, together these effects only
slightly increase our detector noise temperature. Therefore, we consider these
problems as tolerable.
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D. Design of Facilities for Testing the Transducer
The transducer was tested in the large dewar insert used previously for
measuring the Qs of our Nb samples. To test the transducer however, provisions had
to be made for vibration isolation and RF filtering on all leads entering the
experimental chamber.
The first stage of isolation consists of a 4 foot length of latex rubber tubing. It
is attached to an I-beam at the ceiling and supports the entire dewar assembly off the
ground. This provides low frequency isolation and has a fundamental bounce
frequency of less than 1 Hz. The second stage consists of a Taber type isolation
stack 5 mounted at the top of the experimental chamber. The stack consists of six
annular copper rings. Due to limited space inside the experimental chamber, the
inside diameter of the rings was made large enough to allow room for the transducer to
sit inside. This had the undesirable effect of lowering the internal vibration modes of
the rings to about 1200 Hz. A better design, provided there is enough space, would be
to use solid, small diameter disks which support the transducer from above. Titanium
wire is used between each stage because of its high tensile strength and low creep
noise as compared to some stainless steel wires.6 The wire sizes are graduated from
larger to smaller down the stack. Their diameters are chosen so that the wire's stress
is at least 3 times less than its yield strength while simultaneously avoiding any
string resonances near 900 Hz. The displacement response function for the stack at
frequencies above its highest bounce mode falls off as x=xo(fo/f)2N where fo is the
resonant bounce frequency, f is the frequency of interest, N is the number of stages, xo
is the amplitude of motion at the top of the stack, and x is the motion at the bottom of
the stack. Our estimated attenuation is at least 190 dB at 900 Hz.
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Figure 4.8 Test dewar and isolation system

The last stage of isolation is the most critical because it must support the
transducer in a fashion which does not degrade its mechanical Q. This is difficult to do
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because the heavy mass transducer has a large center of mass motion. We desired a
suspension system which would be reliable and convenient to use. A fine wire
suspension is not convenient because it requires tuning and assembly each time a
new transducer is tested, it requires low loss connections, and it is subject to the
possibility of wire breakage. Based on these considerations we developed a low loss
double dead bug supension shown in figure 4.9.
The deadbug support consists of 4 cantilever beams. The free ends of the
beams support the sample. Under the weight of the sample, the beams are tuned to
be anti-resonant at the frequency of interest, in our case this is the transducer
resonant frequency near 930Hz. The degree of isolation depends upon the stiffness of
the beam. The details for calculating the beam dimensions and its attenuation have
been worked out by Coccia.7
We employ two dead bugs in series. The first one is screwed to a thick
aluminum plate which is bolted to the bottom stage of the Taber isolator stack. The
second dead bug rests on top of the first and supports the transducer. Using this
arrangement the transducer's vibrational energy is reflected back twice before it can be
absorbed at the low Q contact point between the aluminum plate and the first
deadbug's base. Each bug is machined from a single piece of high Q aluminum 5056.
They are easily made due to their simple design. The second bug is made with a large
base mass to help reflect vibrational energy back to the transducer before reaching the
first bug. To ensure high Qs the arms of the bugs are designed to have a stress under
the load of the transducer which is at least 4 times less than the aluminum's elastic
limit. This makes the stiffness of the beams greater than the value required to
maximize vibration attenuation. Nevertheless, we still obtain an estimated 40 dB of
attenuation which we considered to be more than adequate. This arrangement works
very well and permits measurement of the transducer mechanical Q at a level of at
least 1 .8 * 1 0 6.
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Since the squid is very susceptible to RF interference, all leads entering the
experimental chamber must be filtered. EMI filters are used at the top of the cryostat.
The transducer leads are fed down inside an uninterrupted length of stainless steel
tubing which connects the filter box and the inside of the experimental chamber. The
wires are then heat sunk at the top of the experimental chamber. To avoid having the
wires couple vibrational noise to the transducer, the leads are glued to the side of each
stage of the Taber stack. Initially we used RTV silicone glue for this purpose.
However, the RTV was discovered to crack at low temperatures and would physically
break our fine copper wire leads. Later we used 5 minute epoxy. But we also
observed cracking in this glue after several thermal cycles. A better alternative is to
use a filled epoxy having a thermal contraction coefficient close to copper, for example
Stycast 2850 FT. After the bottom stage, the wires go directly to the transducer. The
squid is located outside the experimental chamber in the liquid helium bath. The
transducer signal leads are a twisted pair of Nb wires inside of thin walled lead tubing.
The tubing is glued at each stage of the Taber stack. A homemade, shielded,
superconducting feedthru carries the signal between the experimental vacuum
chamber and the squid probe. Data is recorded in a manner similar to our Q data
collection system shown in figure 3.3.
To summarize this chapter, we have discussed in detail the construction of the
transducer’s components. We have studied and measured the effects of compliancy in
the transducer's base and flange used for mounting the transducer. We have also
described the vibration isolation system developed for testing the transducer.
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C hapter 5:

M ushroom T ransducer M easurements and the Predicted Noise
Perform ance of the 1990 LSU Detector

In the first part of this chapter we report our measurements on the two
transducers we have constructed. We refer to them as transducer A and transducer
B. Transducer B is currently mounted on the LSU antenna which, at the time of this
writing, is in preparation for cooling to 4K.
In the second part of this chapter we analyze the performance of the 1990 LSU
detector equipped with transducer B. The predicted performance is based upon the
parameters which we have measured for transducer B. Our noise calculation is based
upon the theory presented in chapter 2. Comparison with the 1988 detector shows
that significant improvement is expected.

A. T ransducer M easurements
1. T ransducer A
Transducer A was assembled from sample 2. It was tested in the annealed
electropolished state described in chapter 3. Transducer A was tested during the
early stages of this thesis work. Consequently, some of the techniques which were
developed later were not used on this device. For example, we had not developed the
double dead bug suspension. Instead we used a fine wire suspension which may have
limited the transducer's mechanical Q.
a. Results of transducer A
The pickup coil for transducer A was wound on Macor (this was done before
we discovered the Macor-glue separation problem). The pickup coil wire was formvar
insulated Nb-Ti (T-48) with an outside diameter of 0.0087" and a 0.007" diameter NbTi core. The coil was wound with 82 turns and had an inside diameter of 2.900" and an
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outside diameter of 4.376" (the diaphragm's outer diameter equaled 4.900"). The coil's
outer diameter was smaller than we originally intended due to a kink in the wire which
developed during the winding process. The electrical circuit was closed with a
superconducting short across the pickup coil as shown in figure 5.1. We did not use a
transformer and a squid for these measurements. For excitation and readout we used
an SG-2M strain gauge glued near the diaphragm's center. The coil holder was bolted
to the resonator with Ti fasteners. The transducer was suspended by a loop of 0.010"
diameter stainless steel wire.
power leads

heat
r— switch

x(t)
Figure 5.1 Electrical circuit while testing transducer A

The inductance of the pickup coil was measured by first measuring the total flux
stored in the electrical circuit. The total flux stored in the circuit is given by
foo

O - LIo = J

*oo

^

dt = J

V dt

xhe voltage signal is measured between the power

leads while turning on the heat switch. The signal is captured on a storage
oscilloscope. Measuring the area under the voltage versus time curve gives the total
flux <]>. Dividing O by Io gives L. Typically, V-0.4 V and t=0.5ms when Io~15A. The
pickup coil inductance was measured to be L~13.8jiH. Using L=m>n2Ad we calculated
an effective gap d=106|im.
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The tuning curve for transducer A is shown in figure 5.2. We were successful
in storing a persistent current of 15.7 amps which was the limit of our power supply.
We did not attempt to store more current since the first critical field of Nb is
appproximately 0.1T at 4 K which would have limited Io to 18 amps anyway. The
tuning curve shows good linearity and agreement with theory. For the circuit
2

2

2

configuration in which the transducer was tested, ft = f0 + n 0 where

,

.2

2

r - ( — | ... "
\2rc/ m(l + L s) ^
o
m cffcclive
a=|ion A, L=ad, Ls=stray inductance =0.1 pH, and p=------------------- =reduced mass.
m

+ mgfjggjfyg

A straight line fit to the tuning curve shows r=70.5H z2/A 2. The reduced mass p is
calculated by substituting the measured parameters into the expression for T.
Substituting m'= 8 .1 kg into the reduced mass formula gives the transducer's effective
mass, meffectjve=461 g. The physical mass of the diaphragm equals 527 g. Therefore,
for the boundary conditions in which this transducer was tested (i.e. not bolted to a
flange), meffective=0.875*mphysical- The effect of the magnetic pressure on the coildiaphragm spacing is rather negligible even at 16 amps. Substituting the measured
parameters into equation 2.24 gives d = do + 1
2

= do + 1pm.
pco02

The most important parameter measured for this transducer was its electrical
quality factor. Recalling equation 2.74, —-J— = -T- +
we see that
Qo Q e
Qloaded

Qe

is obtained

from the slope o f 1/Qi0aded vs p. p is obtained from the measured frequency shift,

R=
H

l -

f& f
\ft / . Obtaining a precise measurement of Qe is difficult because a large

number of measurements must be taken which requires a great deal of time. Each
time the stored current is changed, exchange gas must be added to the experimental
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chamber and then pumped out again. Approximately 2 hours are required to pump out
the gas to low enough pressures. Based on the data available, a straight line fit gives
Qe~1.4*105 and Qm«8.3*105 as shown in figure 5.3.
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Figure 5.2 Tuning curve for transducer A

b. Discussion of transducer A
Several important results were obtained with transducer A. First, and most
important, was the high electrical Q of 1.4*105. This was an extremely encouraging
result since the previous norm for inductive transducers had been approximately
20 ,000 .
The mechanism for electrical losses in inductive transducers is not understood.
Therefore, it is important to investigate which factors have an effect on the electrical
Q. Our results are of interest because our fabrication procedure differed from the work
done by Stanford. We showed that high Qs could be obtained by annealing at
moderate temperatures (*1300° C), by using commercial grade Nb with small crystal
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1/Q = 1.20e-6 + 6.98e-6*P

1/Q
1.25e-6 -

1.20e-6
0.000

0.005

0.010

0.015

0.020

P
Figure 5.3 1/Q vs p for transducer A

grains (=lmm), and by using a Nb-Ti pickup coil. Stanford's transducers typically
employed "Stanford" grade niobium and high temperature annealing (=1800° C) which
resulted in large crystal grains (^lcm ) . 1 -2 It was previously speculated that niobium
with very large crystal grains would produce higher electrical Qs.2 The assumption
was that electrical losses were due to the motion of trapped magnetic flux at the
diaphragm's surface. By reducing the number of flux pinning sites such as those at the
grain boundaries, it was thought that the amount of trapped flux in the diaphragm could
be reduced and consequently the electrical losses as well. Since the grain size in our
transducer is considerably smaller than the typical grain size in low Qe diaphragms,
the crystal grain size is probably not of principal importance. Instead, it is perhaps
more important to have a large number of pinning sites so that the flux has a chance to
wander into a site where it can be very strongly pinned.
We note that two prototype transducers have been made which have
demonstrated unusually high electrical Qs (~106), one at Stanford3 and one at
Maryland4. Both were annealed at high temperatures and electropolished. Recently
K. Carrol at Maryland has measured Qe~4*10 5 in unannealed 3R samples which were

83
lapped on sandpaper.5 Given such a variety of results, a systematic study on the
electrical loss problem is obviously needed.
During the fabrication stages of our work much care was taken to avoid
introducing impurities into the niobium samples. This is"difficult to control at times,
particularly in the machine shop environment. Before annealing, our samples were
carefully cleaned, polished or chemically etched. Perhaps, the first step towards
improving electrical Qs is to reduce the number of fabrication stages and to improve
the cleanliness of the fabrication environment.
It is also noted that the diaphragm for the light mass transducer used on the
1986 and 1988 runs of the LSU detector was cut from the same stock of Nb as sample
2. This light mass transducer6 had a mechanical Q of approximately 1.4* 105 and an
electrical Q of approximately 1*1Q4. The low mechanical Q was due to its unannealed
state after machining. The low electrical Q might have been due to its machined
surface finish. It was not polished after machining. It would be of interest to study the
effects of polishing, annealing, and oxygen gettering on this diaphragm for comparison
with transducer A.
Another important result we obtained was the strong electro-mechanical
coupling in our single coil, heavy mass transducer. Additionally, the measured
combination of electrical Q, mechanical Q, and p were all high enough to significantly
improve the performance of the L.S.U. detector. However, one problem remained the transducer's frequency was too high for efficient resonant operation on the
antenna. Since the effects of subsequent machining and annealing required to tune the
transducer were unknown, we decided to build a second transducer. In hopes of
further improving the electrical Q, we used Stanford grade 3R material. Transducer A
would be tuned, if necessary, after testing transducer B.
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2. T ransducer B
Transducer B was assembled from sample 4. Sample 4 was used in its flat
lapped, lightly annealed state as described in chapter 3.
a. Results of transducer B
The pickup coil for transducer B was wound on G-10 fiberglass. Pure Nb,
formvar insulated wire with an outside diameter of 0.0058" was used for the pickup
coil. The coil had 175 turns and an inside diameter of 2.600". The outside coil
diameter equaled 4.550" which was slightly less than the diaphragm's outside
diameter of 4.800". The transducer was suspended on the double deadbug described
in chapter 4. Our first test was done using the same circuit configuration shown in
figure 5.1. An SG-2M strain gauge was glued near the diaphragm's center for
excitation and readout. The pickup coil inductance measured 75|iH. From this we
calculated an effective gap, d= 196pm. The tuning curve is shown in figure 5.4. A
straight line fit to the data gives the tuning parameter T= 137.21.
Our attempts to measure the electrical Q during this run were inconclusive.
This was due to a low mechanical Q of less than 7*10 5 and a correspondingly large
scatter in our data of Q versus p. The low Q was found later to be due to the PZT.
The general trend in our data, however, seemed to show that the Q was improving
slightly as P increased. This indicated to us that the electrical Q was quite high and
contributed negligible damping at this measurement level.
In a second run we attempted to improve the electro-mechanical coupling by
reducing the physical spacing between the coil and the diaphragm by 0 .0 0 1 ".
Measurement showed that T increased to 160 A2 /Hz 2 and L decreased to 64.4pH as
expected from theory. However, the Qs were lower than in the previous run. We
interpreted this as being due to dust in the gap or possibly a slight touch between the
coil and diaphragm.
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Figure 5.4 Tuning curve for transducer B with short across pickup coil

Due to time constraints no further tests were done using the short circuit
electrical configuration. We proceeded to test the transducer in its full circuit
configuration using the transformer and a squid readout as shown in figure 4.1. It was
necessary to completely disassemble the transducer prior to this. Upon reassembly
4

the gap was increased by =0.0005" which increased the pickup coil inductance to 80(j,H
and enlarged the effective gap to 209(im. The PZT was removed from the diaphragm
and glued to the transducer's base.
Our first run using a BTI RF squid readout showed that the low frequency
vibration isolation was insufficient to permit fully coupled up operation. Above 0.25A
of stored current the squid amplifier overloaded. We discovered that environmental
noise was coupling in through the dewar and the liquid He bath which caused the low
frequency modes of the Taber isolation stack to be excited. Very small pressure
fluctuations on the liquid He bath itself could also cause this excitation. The coupling
was possible because the top of the stack was rigidly affixed to the top of the
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experimental chamber. To avoid this problem in the future, the stack should be hung
directly from a low frequency isolator with no contact made to the dewar system.
To operate the transducer at its full stored current of 12.5A while still using a
squid readout, we connected a 0.159pH low inductance shunt in parallel with the 2(iH
input inductance of the RF squid. The vibrational noise spectrum at the output of the
squid could now be measured with 12.48 A of stored supercurrent. The vibration
isolation provided by the Taber stack past its roll off frequency was excellent. It is
shown in figure 5.5. Only two unknown resonances could be seen beyond 200Hz, one
near 600 Hz and another near 1200 Hz. These modes were not associated with the
transducer since they had low Qs and could not be excited by driving them at their
resonant frequencies with the PZT. The squid performed perfectly. The squid
performance was measured previously in a separate test with its input coil shorted.
Its white noise level measured 110 dBV/VHz. This agrees with the white noise level
shown in figure 5.5. The low frequency modes of the isolation stack are shown in
figure 5.6. Figure 5.7 shows the noise spectrum at the resonant frequency of the
transducer.
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The tuning curve is displayed in figure 5.8. We were able to store up to 12.7
amperes which corresponds to a magnetic field of 0.1 IT at the diaphragm. The tuning
parameter T was seen to decrease to 106.71 A2 /Hz2. The decrease was due to the
presence of the transformer, the squid, and the additional mass on the transducer body
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(i.e. the circuit and transformer boxes). In this configuration the expression for T is

The stray inductance associated with the signal leads between the transformer and
the squid is Ls=0.6|iH; Lj' is the parallel inductance at the squid input which equals
0.147|iH. Using T and the total mass of the transducer, m'= 6 . 6 kg, we calculate the
transducer effective mass to be mcffcc*jve=430 g. The transducer's physical mass
equals 476 g. Therefore, ^effective = 0.903^p h y sical
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Figure 5.8 Tuning curve for transducer B with transformer and 0.159|iH shunt in
parallel with the squid input coil

Having removed the PZT from the diaphragm, the transducer’s Q improved to
=1.8* 106. Our attempts to extract the electrical Q were again hindered by a fairly
large variation in the measured Qs. To collect meaningful data, the Q at each value of
P was measured continuously, by computer, for 2 to 6 hours. The standard deviation
of the collected data is represented by the error bars shown in figure 5.9. A straight
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line fit to the data in figure 5.9 gives the electrical Q of 1.14*105. The reason for the
variation in the observed Qs is puzzling. To study this Q variation, we monitored the
transducer’s Q continuously for several days with 12.48 amps of stored current. 12.48
A corresponds to a magnetic field of 0.103 T at the diaphragm and an electromagnetic
coupling coefficient, P, of 0.0188. The data is shown in figure 5.10. It was necessary
to transfer liquid He into the dewar once a day. The low Q periods correspond
approximately to the times when transfers were needed. Data was not taken during
transfers. The experiment ran at an average temperature of =4.5K due to a small heat
leak. The most interesting feature is the high Q measured after initially charging the
transducer. Before charging, gas was added to the experiment. While pumping out
the experiment the Q initially measured =1.43* 106 and then improved to =1.6* 106 as
the remaining gas was being pumped out. The pressure during this time is estimated
to be approximately 1 millitorr to within a factor of 10. Unfortunately, we did not have
a reliable pressure gauge in this region. As the experiment was being pumped down
to high vacuum, the Qs fell. The chamber was pumped continuously with a small
diffusion pump. The base pressure was limited to a few times 10' 5 torr due to a small
leak into the system. For the rest of the time, the Q never exceeded 1.4* 106, even
while the pump was shut off and the pressure allowed to rise inside the experimental
chamber.
Flux motion might explain the behavior we observed. For example, while the
experiment was being pumped to low pressures the thermal link to the liquid He bath
was weakened. At this time the magnetic flux started to penetrate into the diaphragm
or the electrical circuit. Once the flux penetrated, its motion limited Qs to less than
1.4* 106. Careful testing, however, is needed to verify this suggestion. The behavior
of this transducer on the gravity wave antenna should be interesting to monitor.
Attached to the antenna, the transducer will have a much more stable thermal
environment and all its leads will be efficiently heat sunk.
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A final run was made with transducer B before it was mounted on the LSU
antenna. In that run, we attempted to operate the transducer directly coupled to the
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2|i.H input coil of the BTI dc squid. Removal of the 0.159pH shunt lowered the tuning
parameter T to 87.54 as expected from theory. The tuning curve is shown in figure
5.11. The squid could not be operated due to a short that occurred between the
modulation coil leads. No further data was taken.
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Figure 5.11 Tuning curve for transducer B with the transformer coupled directly to the
2pH squid input

b. Discussion of transducer B
Transducer B was tested extensively. Its behavior was seen to correspond
with the predicted theory. Its loaded Q measured -1.2* 106 at a {} - 0.0188. Its
electrical Q was approximately 1*105. We emphasize that these parameters were
measured while the transducer was tested in a configuration similar to its operation on
the antenna. The high loaded Q of 1.2* 106 was measured while coupled to a squid
through the high current transformer. This measurement verified that the design of our
matching transformer achieved low losses. The dominant source of ac losses in the
transducer system could not be ascertained however. The overall performance of this
transducer was excellent. The transducer achieved all of its original design
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requirements. It integrated all of the factors needed to optimize 2-mode antenna
performance: large resonant mass, strong electromechanical coupling, large
mechanical Q, large electrical Q, and optimized impedance matching to the squid
amplifier.

B. Predictions for the Performance of the 1990 Run of the LSU Detector
In this section we calculate the performance of the LSU detector equipped with
transducer B. The predicted performance is based upon the parameters we have
measured. We use the analysis that incorporates a.c. losses which is outlined in
section B of chapter 2. We will include the back action noise into our calculation by
adding the squid voltage noise term, vs, to equations 2.55 and 2.56.
Since vs has not been measured for most squids, it must be estimated from
theory. In section A of chapter 2 we provided a detailed calculation for the noise at the
output of the detector system which included the back action and the cross-correlation
noise terms contributed by the dc squid. By inspection of equation 2.46, we see that
the back acting noise is proportional to the squid circulating current noise, Sj(co), times
the square of the squid mutual inductance, Mj. The term in the denominator of
expression 2.45 is numerically very close to 1 for all frequencies of interest. From this
it is obvious that Sv> 06 M 2 Sj(a)) where Sv, is the voltage noise spectral density for
the linear amplifier model of the dc squid. To good approximation we have,
Sv, = (27tfc)2Mi2Sj(co) where fc is the center frequency of interest.
For the BTI dc squid we are using, L,= 2jiH and Mj=20.4nH. The shunt
resistance across the Josephson junction for the BTI squid is not known. For most
thin film squids, R is of order 1 to 10 Q. Assuming R=lf2, T=4.2K and fc=913 Hz, we
estimate (using equation 2.28)

vs=3*10"15V/VH z .

Table 5.1 lists all the parameters

for the 1990 LSU detector system. The antenna parameters were measured in the
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1988 run of the detector. The transducer parameters are those reported in this
chapter. The squid input current noise has been measured in a separate test. We
note that the spectral density of the voltage noise associated with electrical losses is
Sv = 2kbTr. The series resistor, r, representing ac losses in our circuit can be defined

in terms of the electrical Q of the circuit: r =

CO,

M 23

I _

Q e\

L0 + L2 u

*

2

'

where cot is the

L s + L jj

loaded frequency of the the transducer.
The noise of the detector is calculated using the parameters listed in table 5.1.
Figures 5.12 and 5.13 plot the noise from each of the noise sources referred to the
output of the squid amplifier. Figure 5.14 plots the total noise spectrum referred to the
output of the squid. We see from these plots that the dominant source of noise is the
white noise of the squid amplifier. Figure 5.15 plots the signal to noise ratio for a 50
mK impulse on the antenna. The corresponding noise temperature is 1.72 mK. The
two peaked shape of the signal to noise ratio curve reflects the fact that the system’s
noise is dominated by the white noise level of the d.c. squid.
The predicted noise temperature of 1.72 mK represents a significant
improvement over the previous detector’s performance. During 1988 the LSU detector
operated with a noise temperature of approximately 93mK. The factor of over 50 times
in improvement is due to the new transducer and the replacement of the BTI rf squid
with the quieter BTI dc squid. Comparing the light mass transducer used in 1988 to
our new mushroom transducer shows the following improvements. First, the electrical
Q was increased by a factor of =10. Second, the mechanical Q was increased by a
factor of =20. Third, the transducer flux to displacement transfer function, c, was
enlarged from 1.3*10-3 Wb/m to 2.7*10-3 Wb/m.
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antenna temperature
antenna mass

T

4.4 K

M

1148 kg

antenna frequency

913 Hz
9*106

antenna Q
transducer mass

Qa
m

transducer frequency

fo

transducer mechanical Q

Qo

900 Hz
1 .8 * 1 0 6

transducer electrical Q

Qe

1*105

stored supercurrent

Io
Lo
d
a

12.48 A

pickup coil inductance

0.450 kg

80|iH
209|im

effective gap
inductance modulation parameter
transformer primary inductance

l2

0.383 H/m
104pH

transformer secondary inductance

l3

4.6pH

transformer coupling coefficient

0.977
2|iH

squid mutual inductance

Y23
Li
Mi

squid shunt resistance (assumed)

R

20.4nH
IQ

squid input current noise
squid output voltage to input

In
V/A

1.5* 10‘ 1 2 A/VHz
4.896* 106 V/A

Tn

1.72 mK

squid input coil inductance

current transfer
predicted noise temperature

Table 5.1 Parameters of the 1990 LSU detector system

The benefits of the mushroom transducer will pay off even more when we
acquire a much lower noise squid. It was shown in figure 2.8 of chapter 2 that the use
of a light mass transducer severely limits the detector’s performance when better
squids are used. Our optimized heavy mass transducer can take full advantage of a
low noise squid. A consequence of this is an increase in the detector’s bandwidth
from ~4Hz (using the 20 gm light mass transducer) to =20Hz using the mushroom
transducer.
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To show this, we have calculated the performance of the LSU detector
equipped with transducer B and a 370H Clarke type squid. If we assume that no
changes are made to the transducer other than a reduction of its effective gap to 80pm,
then the noise temperature of the detector will be 304ji,K. The squid parameters are
listed in table 2.2 of chapter 2. Figures 5.16 thru 5.19 show the relative noise
contributions, the total noise, and the signal to noise ratio for a 50mK impulse on the
antenna. From figure 5.19 we see that the effective bandwidth is now over 20 Hz. By
re-optimizing the transformer, the noise temperature can be further reduced to 240(iK.
To summarize this chapter, we have presented measurements on transducers
A and B. We have carried out a detailed noise calculation based on those
measurements and concluded the following results. First, the LSU detector equipped
with transducer B and a BTI dc squid will have a noise temperature of less than 2mK.
Second, the LSU detector equipped with transducer B and a 370R squid is capable of
achieving a noise temperature of 240pK.
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Figure 5.12 Noise due to the antenna brownian, transducer brownian, and the squid
white noise referred to the output of the LSU detector equipped with a
BTI dc squid and the mushroom transducer
-70
-80Transducer
electrical
loss noise

-90-

-100.

£3

-lio-

|

-120 -130-

squid voltage
noise, "back
action"

-1 4 0 .
-150-160
880

890

900

910

920

930

940

frequency [Hz]

Figure 5.13 Noise due to the transducer electrical losses and the squid voltage noise
referred to the output of the LSU detector equipped with a BTI dc squid
and the mushroom transducer
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Figure 5.15 The signal to noise ratio for a 50 mK impulse on the 1990 LSU detector
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Figure 5.17 Noise due to the transducer electrical losses and the squid voltage noise
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Figure 5.18 The total noise at the output of the LSU detector equipped with a 3701
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Figure 5.19 The signal to noise ratio for a 50 mK impulse on the LSU detector
equipped with a 3701 squid and the mushroom transducer
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C hapter 6 : Analysis of a 3-mode Antenna

As an extension of two-mode gravity wave detectors, multimode detectors
have been proposed for the purpose of improving the electro-mechanical coupling and
for increasing the detectors’ bandwidth. 1 Most scenarios envision the multimode
detector as a set of coupled harmonic oscillators of geometrically decreasing mass
with identical resonant frequencies. The number of oscillators, N, may equal 3 or
more; schemes utilizing tapered antennae 2 or whips3 have been suggested as the
limiting case in which N —» oo. There exist several advantages to multimode
detectors. First of all the detector's bandwidth is increased as the number of
oscillators, N, increases. If we let |i=Mi+i/Mi where i= l to N with i=l corresponding
to the largest mass (i.e. the effective mass of the antenna) and i=N the smallest
mass, then the bandwidth is approximately 4
A f - 2 f <p/iT.

(6.1)

The detector sampling time, xs, is approximately 1/Af, and therefore the pulse arrival
time for a gravity wave on the detector can be improved as its bandwidth increases.
Improved timing resolution in both gravity wave and neutrino detectors may help put
lower limits on the neutrino mass or at least constrain the models of supernova
collapse and its emission of gravity waves and the prompt neutrinos. 5 Another
advantage is that the mass of the final resonator which couples energy into the
electrical circuit can be made smaller by increasing N. This improves the electro
mechanical coupling coefficient since Pe^ 1/Mn. For very large spherical antennae
which have been suggested, 6 a multimode system would probably be required to avoid
an unmanageably large final resonator mass. In the case of the currently used
cylindrical antennae, a 3-mode system would permit a very convenient size for the
final resonator. Such small mass transducers could be made more easily than
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400 gram transducers and for less cost. They would allow a more compact design
using small transducer coils which are more easily made than large coils. The
disadvantages to a multimode system include the increase in the system's complexity,
and the greater demands on the isolation system to avoid parasitic resonances which
could couple in noise which previously may not have affected 2 -mode systems because
of their narrower bandwidth response.
It has been discussed by Price 7 that increasing the number of modes has the
effect of lowering the Q requirements for each of the oscillators. This is explained
qualitatively by the following argument. As mentioned in chapter 2, the brownian
Ts

noise contribution from a mechanical oscillator is given by E brownian = 4kT

in the

^relax

limit t s « Trelax where xs is the sampling time and Treiax is the oscillator's relaxation
time. Conditionally we desire that Ebrownian < kTt.a where Tt-a is the transduceramplifier noise temperature7 which is always greater than the limiting amplifier noise
temperature Ta . 8 Since Q is related to the oscillator relaxation time by 7tfxreiax = Q,
T 4fl
we have the desired condition that Q > = --------- . Therefore, for a given transducert-a Af/f
amplifier noise temperature, Tt.a, we can reduce our Q requirement by either
decreasing the thermodynamic temperature of the oscillator, T, or by increasing the
fractional bandwidth, Afyf, by increasing the number of resonant modes.
For practical cases of interest, Bassan 9 has concluded that a mass ratio of
|i~10 ' 3 is near optimal and that a mode number of N=3 is a most reasonable choice for
optimizing the system noise temperature Tn- A point of diminishing returns lies
beyond N=3 because all of the positive attributes associated with increasing N, such
as the increasing bandwidth, improve slowly, while thermal noise contributed by each
of the N oscillators adds together in an only marginally increasing bandwidth. Based
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on these considerations we shall concentrate specifically on analyzing 3-mode
systems. The specific case of the Maryland 3-modedetector equipped with a 2 coil
inductive transducerhas been analyzed previously . 1 0 Here we shallanalyze 3-mode
systems equipped with a single coil inductive transducer in a more general fashion.
We shall extend the analysis developed in section B of chapter 2 to the case of 3modes. We will ignore the back action noise of the squid in this calculation. We do
this because the back action noise for a low noise squid has not been measured. Also
from chapters 2 and 5 we saw that the electrical loss and the back action noise enter
our noise calculation in a similar manner. From that theory we can estimate their

Sv (27tfc)2Mi2Sj(o))
Sv
. For our cases of interest, — is less
relative contributions as -jp = ----------2kbTr—
Sv
L2
than or equal to one for a low noise squid, even for a high electrical Q of 4*106. The
squid noise will therefore be treated as an additive white noise to the amplifier input.
Figure 6.1 shows the schematic of the system being considered.
The equations of motion for the 3-mode gravity wave detector are given below.
xlM l + x lH l + x lK l - x'2H2 - x2K2 = FI - F2 + Fs

(6.1)

x2M2 + x2H2 + x2K2 - x3H3 - x3K3 + x 1M2 - oclol = F2 - F3

(6.2)

x3M3 + x3H3 + x3K3 + (xl + x2)M3 + oIqI = F3

(6 .3 )

-alox'3 + LqI + Ir + L2i + M 23 Ii = v

( 6 .4 )

M23I + (L3 + Li)i; = 0

(6.5)

After fourier transforming these equations we obtain a set of linear equations which
can be expressed in matrix form as

CO

a

Figure 6.1 Schematic of the 3-mode gravity wave detector
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.

xl(© )
x 2 (©)
x3(©)
I
Ii

F l(© )
F2(©)
F3(©)
v(©)

=A

_ v squid(tO)

.

=0_

( 6 .6 )

where we have ignored the back acting squid voltage noise term, vSqUid» by setting it
equal to zero. The matrix elements are
1-10 0 0
0 1-10 0
A=

0 0 10 0
0 0 0 1 0
L0 0 0 0 1

0),
V n = Ml (Oj -CO + j “ o [J

2
w2
> V i2= -M2 c 2 + j 0 ^

Vl3 = V 14 = Vis = 0

V 21 = -M 2 co ,

2

V22 = M2 co2 -c o

©,
V 23 = -M 3 C03 +jd)Q-l ,

2

©2

-

V24 = - a I 0 » V25 = 0

2

2

V 31 = -M3co ,
V 34 = a l 0 ,

2

V32 = -M3co ,

2

©3

V33 = M3 ©3 - © + i 0)Q^I »

V35 = 0

V41 = V42 = 0 ,

V43 = -jw a l 0 ,

V 51 = V 52 = V 53 = 0 ,

V4 4 =r+j©jL0 + L 2) ,

V 54 = M23 ,

V 55 = L 3 + Lj

V45 = j©M23
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where we have expressed the spring constants and damping coefficients of the
mechanical oscillators as Kj = Mi/coi, and Hj = Mjcoj/Qi for i = 1,2,3 .

Defining

G = V- 1 A , the squid input current is then given by
li - G5 1 FI + G5 2 F2 + G5 3 F 3 + G 5 4 V . The total current noise spectral density at the
squid input is thus
Si - |G 5 i| S fi + |G 5 2 J2Sp 2 + |G 5 3 |2 S F3 +jG54|2S v + In(to)
where

In ((o )is

(6.7)

the squid input current noise as used in equation (2.31). The signal
2

current is S = |G 51 F s(co)| . The signal to noise ratio is

lG siF s(to)|:
( 6 .8 )

As in chapter 2, we assume that the signal is an impulse on the antenna and
then define the noise temperature of the system in terms of the impulse energy
required to make the signal to noise ratio equal to unity. The expression for the noise
temperature of the 3-mode detector is given below.

(6.9)
The conditions which optimize 3-mode detector performance can now be
discussed. We shall start by exploring how the noise temperature varies with M3.
Since many parameters of this system scale in some fashion with the transducer
resonator's mass, we shall parameterize all variables in terms of the transducer mass,
M3, fundamental constants, and a transducer scale factor, r|, as we did in chapter 2,
section C. From chapter 2 we recall the following relations.
(6 . 10)

a = |i0r|fM 3n2

(6.11)
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L0 = a d

(6.12)

d = d 0 + -------------- 2VM3h 00)3

(6*13)

2

2

<0,3 =
0), ( l - p )
“ W3T
P

3M 2

VM3dp.oO)3T2
A A3 “

^

(6.14)

i+M-±A3.f5_

wi-y^r1-1

(6.15)

2

VM3d^0co3

(6 ‘16)

L2 = L0 V t ^ T

(6.17)

V 1-J232

1----- = J - + J L
Q 3 loaded

Q3

(6.18)

Qe

The fixed parameters of the system include the antenna mass, M l, and the squid input
coil Lj. The transformer secondary is fixed by the transformer optimizing condition,
L 3 = -7 :

■ . We shall assume that all three oscillators are perfectly tuned to the

same frequency of 913 Hz. In the case of the third oscillator, we set its coupled up
frequency, (0 3 7 =0 )1 = 0 )2 and then calculate its uncoupled frequency using equation
(6.14). We choose M2 = VM1*M3 which is the condition which maximizes the
mechanical transfer function between the first and third oscillators. The effects of
varying M2 and detuning the oscillators will be explored later. The pickup coil wire
diameter, 1/n, can be chosen arbitrarily. Recalling our results from chapter 2 we note
that n does not appear in the final expression for the noise temperature. We simply
introduce it here for convenience. The noise temperature is calculated after solving for
all the scaled parameters in an iterative self-consistent fashion.
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In figure 6.2 we plot the detector noise temperature versus M3. The
thermodynamic temperature of the system is 4.2 K. Figure 6.2 shows that as the
energy sensitivity of the squid improves, the optimum mass for M3 increases, and that
for a given squid, higher Qs require smaller values of M3 to achieve optimum
performance. The minima are relatively shallow and therefore it is possible to make a
single transducer which matches well to several different squids of varying sensitivity.
To check our results, we have approximated a 2-mode system using our 3-mode
analysis by setting a >2 = 9 kHz and fixing M2 at a value of 2.0 kg. The results agree
with our analysis in chapter 2. Table 6.1 lists the values of the parameters used in our
calculations and also gives the optimum mass for the final resonator M3 along with
the calculated noise temperature for each particular set of squid parameters and Q
values. For comparison we have also listed the corresponding optimized 2-mode
performance. It is interesting to note that for low Qs, a 3-mode detector performs only
marginally better than a 2-mode detector. However, for high Qs (107) the 3-mode
system outperforms the 2-mode system by a factor of approximately 2. This reflects
the fact that a larger bandwidth relaxes the Q requirements of a detector.
For the remainder of this discussion we shall consider the specific case of the
3-mode detector operating at 4.2K with high Qs (Ql=Q2=10e6, Q3=8e6, Qe=4e6) and
an optimal final resonator mass M3=3.5g coupled to the 9761T squid. The results are
qualitatively the same for other cases of interest also. In figure 6.3 we show how the
detector noise temperature varies as oscillators 2 and 3 are detuned from the antenna
frequency Fl=913 Hz. In this calculation we set two of the three oscillator
frequencies equal to 913 while the other oscillator frequency is varied. In the case of
M3, we maintained P at a fixed value while varying its mechanical resonant frequency,
F3. Our results show that the tuning requirements for a three mode detector are not
severe. In fact, these results point to the fact that for a large bandwidth system, the
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mechanical oscillators interact strongly even if their individual resonant frequencies
are quite different. For a narrow band two mode detector (in which the second
oscillator is of small mass =20g) the tuning requirements are more restrictive as we
have seen in chapter 2. Interestingly, we see that optimum tuning requires F3T=912.5
Hz and F2=914 Hz which is slightly different from the antenna mode at 913 Hz.
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Figure 6.2 Detector noise temperature versus M3 for the 3-mode detector
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magnetic field
gap
transducer factor
transformer coupling coefficient

Common Parameters
B
do
Y23

0.1 T
80 pm
10-2
0.9

input coil inductance

BTI squid
Li

2 pH

extrinsic energy resolution

Se (C0)

21,33611

input coil inductance

Clarke type squid
Li

0.12 pH

extrinsic energy resolution

Se (C0)

976 b

n

3-mode detector
Qs

BTI squid

Clarke squid

Ql=9e6

Q2=5e6

M30ptimal

Q3=2e6

Qe=le5

0.82 g

685 pK

11.7 g

207 pK

Ql=10e6

Q2=10e6

Q3=8e6

Qe=4e6

0.20 g

211 pK

3.5 g

72 pK

Tn

Tn

M30ptimal

2-mode detector -approximated bv setting F2=9 KHz. M2=2.0 Kg fixed
Qs
Ql=9e6

BTI squid

Q3=2e6

Q e=le5
Ql=10e6
Qe=4e6

M3optimal

Clarke squid
Tn

M30ptimal

T„

60 g

982 pK

285 g

317 pK

32 g

422 pK

230 g

145 pK

Q2=8e6

Table 6.1 Comparison of 2 and 3 mode detectors at 4K
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In figure 6.4 we plot the detector noise temperature as a function of M2. To
avoid degrading the antenna performance, M2 must be chosen within a factor of 2 of its
optimum value, M2opt. We calculate M2opt for the optimally tuned case in which
F2=914 and F3T=912.5. We find that M2opt =1.72g which is somewhat less than
V M 1*M 2

= 2.004.

In figures 6.5 we display the contributions of the various noise terms as seen
at the input of the squid amplifier for the completely optimized 3-mode detector. In the
last plot we show the signal to noise density for a 50mK impulse applied to the
antenna. The corresponding noise temperature is 71p.K. The parameters of the
optimized 3-mode detector are listed in table 6.2.
71|iK performance for a 3-mode detector operating at liquid helium temperature
is very impressive and feasible. All the parameters which have been used to calculate
this performance have been achieved at 4.2K. Of particular importance is the
measurement of the LSU antenna Q of 107 during our last run in 1988. A small mass
resonator with an electrical Q of approximately 4* IQ6 has been made at the University
of Maryland.11 Building a 3-mode oscillator system should not be too difficult because
tuning does not need to be very precise. Conversion of the existing LSU antenna to a
3-mode design may permit sub IOOjiK noise temperatures to be achieved with a
corresponding strain sensitivity, h, of 9*10'20. Such performance levels would permit
4K antennae to detect supernova events well beyond the edge of our Milky Way
galaxy. However, to reach even further to the Virgo supercluster, gravitational wave
antennae must be cooled to millikelvin temperatures. Near quantum limited noise
performance of 90nK could be achieved in a 3-mode detector operating at 20mK with
mechanical Qs of 40* 107, an electrical Q of 5* 106, and a quantum limited squid
amplifier. This would permit the detection of a dimensionless strain of 3*10-21 with a
signal to noise ratio of unity and allow one to detect events occurring in the Virgo
cluster at the expected rate of one per month.

112

Ml=1148 kg

M2=1.72 kg

M3=3.5 g

Fl=913 Hz

F2=914 Hz

F3T=912.5

Ql=10e6

Q2=10e6

Q3=8e6

Qe=4e6

I0=7.96 A

l/n=100 pm

L0=7.79 pH

L2=21.71 |iH

L3=0.275 pH

Y23=0.81

d0=80 Jim

P=0.176

tj=10-2

Li=0.12 pH

SE=976 IT

T=4.2K

Tn-71 pK
Table 6.2 Optimized 3-mode detector parameters
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Figure 6.3 The effect of detuning the oscillators on the detector noise temperature
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Figure 6.4 Detector noise temperature versus oscillator mass M2
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Appendix 1:

Construction of a Very High Vacuum Furnace

The transducer development program at LSU is concerned with improving the
performance of both inductive and parametric type transducers. Both types utilize
niobium because of its excellent mechanical and electrical properties at low
temperatures. However, proper heat treatment is necessary for obtaining large
mechanical and possibly electrical Qs. Part of our research includes studying the
effects of various heat treatments on the these bulk properties of niobium. To carry
out this work it was necessary to construct a very high vacuum furnace.

Listed below are some features of the high vacuum furnace.
(1)

a pure niobium hot zone and niobium radiation shields to ensure a very
"clean" hot zone for our niobium samples

(2)

a very low operating pressure of 10'7 to 10'8 T

(3)

a large hot zone, 8.75"*8.75"*5"

(4)

a continuous operating temperature of 1200° C with a maximum
attainable temperature of 1500° C.

(5)

very low material and construction costs '

Requirements
Over the past few years we have developed a good deal of experience in
working with niobium. Our requirements for heat treating niobium are outlined below.

(1). It is sometimes necessary to stress relieve delicate parts before their
final machining. A stress relief is accomplished by heating the niobium piece to « 750°
C for 1 hour.
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(2). Niobium at 4.2 K is known to exhibit very high mechanical Qs ( « 108 1,1
however a proper heat treatment 2 is necessary to achieve this; unannealed and cold
worked samples generally have relatively low Qs ( ~ 105 at 4.2 K). Cold work done
while machining niobium generally reduces the Q significantly. To achieve high Qs in
unannealed or cold worked samples an anneale at = 1000° C for one hour generally
produces a Q of approximately 107. Annealing at much higher temperatures ( = 2000°
C ) has not demonstrated any further marked improvements in mechanical Qs.3’4

(3). Niobium becomes very reactive at elevated temperatures and therefore
cannot be annealed in air. It is most commonly heat treated by commercial producers
of niobium in vacuum at a pressure of = 10'5 to 10"6 T.

(4). High RRR values may be important for improving the electrical Q of
inductive transducers.5*6 Lowering the oxygen impurity content in Nb has been shown
to improve its RRR value.7 One technique for lowering the oxygen concentration is to
use Ti as a gettering agent. This is done by surrounding the Nb in a foil box of Ti and
heating both to 1200 - 1400 C.8

(5). To build transducers that are optimized for two mode antennae 9 a hot
zone of approximately 7" diameter is needed.

Having these requirements for a furnace in mind our next concern was of course
financial. While commercial furnaces cost upwards of $150,000, we could afford to
spend only a few thousand dollars on a furnace. We succeeded in doing this by
building our own furnace and utilizing some equipment that existed in the L.S.U.
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physics department. For the pumping system we had available an old Veeco
evaporator which consisted of a 8" diffusion pump, liquid nitrogen cold trap, high
current feed-thrus, 18" diameter glass bell jar, and a thermocouple gauge controller.
For the furnace's power supply we had available an HP (6475) 100A, 110V dc supply.

Design
The design of the furnace was similar to the furnace built and described in the
paper by Faulkner, Moody, and Richard.3 D.C. current supplied to the filaments in the
furnace produce resistive heating. A total filament impedance of « 1 Q at high
temperature is needed to provide the optimal impedance match to the power supply.
Therefore, approximately 10 KW of power can be delivered to the furnace.
How much power do we need? Well, to answer this we refer to a book on "low
temperature" physics by Scott.10 If all the heat loss is radiative, the power required to
maintain the hot zone at a final temperature T[K] is given by
P = g AT4-—
----(n-lX2-e)+ 1
where,
e = emissivity of the shields
n = number of radiation shields
a s 5.67* 10-8 W/m2K4 ( Stefan-Boltzman constant)
A = average surface area.
We note that conduction losses are also present, however they are only proportional
to T. Therefore, we expect radiative losses to become dominant above some
temperature Tc. For reasonable values of conductive paths, this crossover
temperature, Tc, should be around 1000°C. Now we wish to estimate the minimum
power needed to maintain the hot zone of useable dimensions 8.75"*8.75"*5" at a
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temperature of 1500° C. We shall assume that the dominant source of heat loss is
radiative and neglect all other sources. If we use 7 radiation shields and estimate that
the average area of our radiation shields correspond to a volume of 10.5"*10.5"*7",
our furnace will require a power of approximately 5.65 kW. Therefore, our crude
theoretical estimates predict that we can build the furnace we desire using the power
supply available.

Construction
Our first decision was the choice of material to use for the furnace. Since the
furnace would be dedicated to annealing Nb samples, Nb would of course be the
logical choice for constructing the hot zone and radiation shields. Other refractory
metals could be used, for example, Mo, V, Ta, and W. Tungsten has the highest
melting point, m.p. » 3410° C, however it is hard to form and relatively expensive. The
other refractory metals have either a higher vapor pressure or are more expensive
than Nb. Nb is relatively cheap and readily available. Nb is still reasonably strong up
to a temperature of 1800° C and has a melting temperature of 2470° C. To avoid
introducing any foreign material into the hot zone all of its pieces were made out of Nb
-- the filaments, support rods, radiation shields and fasteners. Only Nb of type 2
commercial grade or better was used for the furnace.
The seven layers of radiation shielding were made of 0.010" thick Nb foil. The
vertical radiation shields formed a nested set of squares. Each individual square was
bent from a single length of foil with its ends spot welded together. The inner most
square had dimensions 9.75"*9.75". The wall separation between adjacent squares
was approximately 1/8". Spacers were made by bending the 0.010" foil into ^
shaped brackets 1/8" deep. Four niobium fasteners per wall held the structure in
place. The top and bottom radiation shields were formed in a similar manner. 1/4"
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diameter Nb rods beneath the bottom radiation shields support the entire shield
structure as shown in figure 1. The table top which supports the Nb samples is made
of 1/4" thick Nb plate; the table legs and the cross diagonal braces were made of 1/4"
Nb rod and were tig welded in place under an inert atmosphere of He gas. The entire
table was electrically isolated from the A1 base plate by setting the table legs into the
alumina supports.
Good tig welds were obtained only after all of the oxygen was removed from
the welding atmosphere. For this reason we did our welding inside a vacuum tight
glove box which was flooded with He gas. Since Nb getters oxygen, we first test
welded several samples before welding the table together. We could tell when
sufficient O2 had been removed by examining the sample welds. Discolored, whitish
looking welds meant that much oxygen was present and the welds were extremely
brittle. Welds showing a bluish color were less oxygenated but were still too brittle
to use. Shiny, silvery colored welds were eventually obtained and were quite strong.
The filaments were made of 0.001" thick by 0.400" wide Nb foil. Three
filaments were connected in parallel by spot welding them to the 1/4" diameter Nb
support rods. The filament support rods are electrically isolated from each other. Two
of the rods are set into alumina cylinders which are recessed into the A1 base plate.
Two other rods screw directly into the high current feedthrus. These four rods
penetrate through 1/2" diameter holes in the bottom radiation shields. A fifth filament
support rod is screwed into a corner of the sample table. No ceramic insulators were
used inside the hot zone because most ceramics outgas at high temperature. Alumina
was used outside the hot zone because of its low vapor pressure at elevated
temperatures.
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Nb filaments

vacuum
glass bell jar

Nb radiation shields
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Figure 1 schematic of vacuum furnace

A1 base plate

water cooled feedthru
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support rod screwed into table

\

support rod to alumina insulator
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+ supply feedthrus

support rod to alumina insulator

Figure 2 Top view of filament structure and support rods

The filament temperature is hotter than the average temperature of the hot
zone. To minimize this temperature difference, the filament area should be as large as
possible. This is evident from the formula
P = O Aeff(Th4-T 14)e

where,
Th = filament temperature
Ti = average temperature of inside radiation shield
Aeff = effective radiative area of the filaments
P s power supplied to the filaments.

The three parallel filament arrangement provides the largest possible surface area
while simultaneously providing a reasonable impedance match to the power supply.
We estimate that the filament temperature runs about 200° C hotter than the average
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temperature of the hot zone. The resistance of the filaments can be calculated using
data from table 1 which lists the resistivity of Nb versus temperature.
p(600K -» 1800k)
T [K] pi2-cm
600
28.7
800
36.7
1000
43.7
1200
50.5
1400
56.4
1600
61.8
1800
67.2
Table 1 Resistivity of Nb

The temperature inside the hot zone is readout using a tungsten-rhenium
thermocouple gauge which protrudes into the hot zone. It is not necessary to
mechanically connect the thermocouple to the sample since heat transfer is dominated
by radiative processes above « 1000° C.
The base plate of the vacuum chamber was made of 2.25" thick aluminum.
Aluminum was chosen because of its high thermal conductivity. Cooling was provided
by circulating water through 3/8" Cu tubing which was pressed into grooves machined
into the underside of the A1 base plate and glued in place with Emerson and
Cummings 2850 KT thermal epoxy. The OFHC copper feedthrus which carried current
to the filaments were converted into water cooled feedthrus to avoid over heating the
O-ring seals. The glass bell jar which provides the vacuum shell for the furnace is
mostly transparent to infrared radiation. However above 800° C, three circulating fans
are used to provide the necessary convective cooling around the outside of the bell jar.
The convection cooling is sufficient to permit continuous operation up to 1200° C and
short period operation at up to 1500° C. Higher temperature operation will require use
of a water cooled bell jar.
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Cost
The construction costs were quite small. Only a few pieces such as the Nb
fasteners, Nb table, and A1 base plate were made by the LSU machine shop. The
radiation shields and the remainder of the furnace was built using cheap labor (i.e.
graduate and undergraduate students). The main expense was the cost of the Nb
material which came to about $3,500.

Operation
The furnace has operated reliably for over one year now. The vacuum system
typically pumps down to 1-2*10'7 T overnight with liquid nitrogen in the cold trap. As
power is turned on to the furnace, the pressure rises due to outgassing from the
radiation shields and the sample. During operation the pressure is generally
maintained on the 10‘7 T scale. Upon cooling down and before venting the system, the
pressure falls into the 10'8 T range. To anneal Nb, our typical procedure starting at
room temperature is to ramp the temperature up to about 950° C (this is
approximately the recrystallization temperature of Nb) over a period of approximately
2 hours. We maintain 950° C for about 1 hour and then ramp down the power (slowly
at first) over a period of approximately 2.5 hours. For niobium samples which have
been electropolished, a large amount of H 2 gas may evolve from it starting at a
temperature around 500° C. In this case the pressure may rise as high as 10'^ T and
may require an hour or more time before the pressure returns to the 10'7 T level,
depending upon the sample size and the amount of electropolishing done. Heavy
niobium samples (10+ lbs) should be carefully supported on smooth surfaces to avoid
diffusion welding the sample to the table at elevated temperatures.
Table 2 lists the current, voltage, and power supplied to the filaments and the
corresponding furnace temperature during operation. Figure 3 is a plot of this data

showing the T4 dependence of the power and thus the dominance of radiation losses at
higher temperature.

I [amps]

V [volts]

Power [watts]

T [C]

10

2.31

23.1

93

15

4.40

66.0

271

30

11.80

354.0

671

35

14.58

510.3

760

40

17.65

706.0

845

50

24.7

1235.0

1010

55

28.27

1554.9

1085

57

29.47

1679.8

1104

60

31.53

1891.8

1140

65

35.30

2294.5

1205

70

39.00

2730.0

1264

75

42.90

3217.5

1298

80

46.60

3728.0

1343

85

50.50"

4292.5

1388

90

54.80

4932.0

1429

95

58.80

5586.0

1467

Table 2 Power consumption and hot zone temperature of furnace
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Figure 3 Furnace power consumption versus hot zone temperature in degrees Kelvin
to the fourth power

Conclusion
We have built a very high vacuum furnace for the purpose of annealing Nb
resonators. The hot zone was made entirely out of Nb to ensure a clean environment.
The furnace is capable of continuous operation at 1200° C and higher temperature
operation is possible for short periods of time. Construction costs were small. Its
performance agrees well with the design theory of the furnace.
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Appendix 2:

Electropolishing Niobium

Electropolishing is an electrolytic process for smoothing the micro-roughness of
a metal surface. It has an advantage over mechanical polishing methods which
physically abrade material away because no stress is introduced; material is removed
essentially atom by atom via a chemical process. The method we followed is outlined
by Diepers et a l} In brief, the anode (Nb) and cathode (Al) are immersed in a
solution of hydrofluoric and sulphuric acid. The polishing process involves the
formation of an oxide film which conforms to the macro-contour at the anode (Nb) but
not its micro-contour. Hence, the film is effectively thinner at the microprojections and
thicker at the microdepressions. The microprojections are thus preferentially removed.
Optimum polishing occurs when the current oscillates rapidly with time. After a short
time the magnitude of the total current and its oscillations decrease due to a build up
of the oxide layer. The voltage is then turned off and the film is allowed to dissolve
away. The process is then repeated as many times as necessary.

(a) microprojections before
electropolishing —
lathe turned profile

(b) smoothing due to electropolishing

Figure 1 Contrast between unpolished and electropolished surfaces

Sample preparation
Prior to electropolishing the sample should be thoroughly degreased and
removed of any other contaminants. Ultrasonic cleaning in a bath of trichloro-ethylene
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is an efficient grease cutter. A final submersion in HN 03 or HC1 dissolves of most
other contaminants and metals which are sometimes picked up in the lab or machine
shop environment.
Safety
Care should be taken when dealing with any large acid baths, however a little
extra precaution should be exercised when working with HF. All work must be done
under an efficient fume hood that is capable of digesting fluorine fumes. HF is highly
corrosive; it attacks metals and eats glass, including the thermometer used to
measure the bath temperature! Thus, all glassware, power supplies, etc., should be
kept well away from the fume hood. Paper respirators for filtering hydrogen fluoride
vapors are available from 3-M. It is helpful to keep large containers of H 2 O nearby for
rinsing gloves, objects, etc., and for diluting spills should they occur. Should any acid
contact the skin, simply rinsing with water will not neutralize the HF component in the
acid bath. A paste mixture of 20% magnesium oxide and glycerol spread over the area
of the bum after immediate rinsing with water is effective in neutralizing the HF
component.
Solution mixture
The electropolish solution consists of: (by volume)
85 parts H2S04
8.2 parts HF

(98%)

(48%)

6.8 parts H 20 distilled
1) The mixing of sulphuric acid with water is exothermic, don't be alarmed if your
mixing tank warms —the larger the solution the more heat that is generated.
Surround the mixing tank with an ice water solution to control temperatures.
2) When the diluted sulfuric acid mixture has cooled appreciably, 0-10° C, add the
refrigerated solution of HF (0° C). The HF is easily volatilized, thus it is
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extremely important to have cold solutions during mixing otherwise the final
concentration will be unknown. (A low concentration of HF may result in a lower
operating voltage and an appreciably lowered etching rate of the niobium sample,
thus necessitating a much longer "off' time for the on-off time cycle) Ideally, the
mixing should be done in a closed container.
3) High density polyethylene containers should be used.
4) The average current density is approximately 0.1 A/cm2. A good rule of thumb is
to provide 4 liters of bath for each 2 to 4 amps of current passed through the
electrolyte. Thus, for a 7" diameter disk, a 32 liter solution is used.
Polishing procedure
The acid solution is contained in a large polyethylene tank. The acid tank sits
within a larger tank of water maintained at constant temperature. The niobium is
connected to the positive terminal (anode). The cathode is made of pure aluminum
(1100 series Al), however 6061 Al also seems to work just fine. The support
structure holding the Nb sample is made out of Al. A large constant voltage regulated
power supply is adjusted in voltage until current oscillations develop. The current is
recorded with a chart recorder. The level at which current oscillations develop is
slightly dependent upon bath temperature and acid concentration, but is mostly
dependent upon sample size. For 2" diameter samples, current oscillations developed
at 2 volts, while the 7" diameter sample developed current oscillations at 5 volts. The
electrode separation is kept between 1" - 2". When the voltage is turned on H2 gas
will bubble off the negative (Al) electrode. Soon a black film will develop at the
niobium surface and the magnitude of the current oscillations will diminish. The
voltage "on" time will last 2-4 minutes (i.e. until the current oscillations have
diminished appreciably). The voltage is then turned off for 5-10 minutes. It is
important that the voltage "off' time be long enough to completely dissolve the anodic
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film otherwise the shiny, lustrous finish will not develop. Stirring the solution gently
helps the dissolution of the anodic film but obviously the solution should not be
agitated during the "on" time. The sample surface to be polished should hang vertical
or upright in such a fashion so as to not trap gas bubbles which can leave streaks on
the surface. The Nb was removed at a rate of about 0.001" over a two hour period in a
bath temperature of approximately 30° C. It is advisable to electropolish away not
more than 50pm. Further electropolishing will result in preferential etching at the
crystal grain boundaries and eventually result in a loss in overall surface flatness. It
is best to remove somewhere between 25 to 50 pm.

recorder

7

Nb

7

Al

constant voltage
50 amp DC
power supply

|
|
j

Figure 2 Schematic of electropolishing setup

Chemical polish
Chemical polishing may be used as an alternative to electropolishing.
However, we never achieved a lustrous surface finish using this technique. A typical
chemical polish solution consists of: (by volume)
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60 parts HN 03 (98%)
30 parts HF (48%)
10 parts H 2 0 distilled
The solution is kept at 0° C. This reaction is very exothermic. Be careful to
maintain a constant temperature since the reaction rate increases tremendously with
temperature. H3P04 may be added as a buffering agent. The mixture for the buffered
chemical polish solution is: (by volume)
34 parts H3P04 ortho-phosphoric (85%)
40 parts HN 03 (90%)
26 parts HF (48%)
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Appendix 3:

Cryogenic Acoustic Loss of Molybdenum*

The very low noise requirements of resonant mass gravitational radiation (GR)
antennae1 have stimulated interest in materials with very low acoustic loss, Q_1, and
high Young’s modulus. Single crystal silicon2, sapphire3 and quartz4 have exhibited
Q’s as high as 2—5 x 109 at liquid helium temperatures. Q’s of 0.4 -- 2 x 108 have
been observed in aluminium alloy 5056 5>6 and polycrystalline niobium7. However,
loaded Q ’s of antennae with attached transducers have so far not exceeded several
million8. In principle a low Q can be offset by sufficient cooling, so that fundamentally
the signal-to-noise ratio is limited only by how large one can make the product of the
antenna volume and Young’s modulus. This presently excludes dielectric materials
unless they become available in large bars approaching 1 m3. The highest values of
Young’s modulus are to be found in the high density refractory metals such as
tungsten (470 GPa) or molybdenum (325 GPa), which would be significantly better
than present antenna materials (niobium, 110 GPa or aluminium, 70 GPa), provided
their acoustic losses are not too high. In this paper we report initial measurements
made between 8 and 22 kHz on the lowest modes of a molybdenum disc.

Experimental set-up
The disc sample used in these measurements is shown in Figure 1. It was
machined from 99.9% purity Mo plate stock (unannealed), to a diameter of 120 mm and
thickness 25.4 mm, and had a recessed centre post 6 mm in diameter and 25.4 mm
long. The disc was hung by a fine (0.1 mm diameter) tungsten wire passing through a
hole near the top of the post. This minimizes suspension losses for the nodal
* This appendix has been published - N. Solomonson and A.G. Mann, Cryogenics, 22,588 (1987).
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diameter flexural modes (n = 2, 3), in which we are primarily interested, and the
fundamental quadrupole (diametrical extensional) mode5. Four flat surfaces, 90° apart
and 30 mm wide, were originally machined into the edge of the disc to provide sensing
surfaces for a capacitive read-out of the quadrupole mode5. However for excitation
and read-out of all the modes we found it very convenient to use instead a very small
piezoelectric transducer. The transducer was a Piezoelectric Products SG-2M strain
gauge trimmed down to 2 mm3 volume, glued to the top surface of the disc near the
recess for the post and connected via very thin (0.05 mm diameter) copper wires. This
small transducer has been used on 5056 alloy aluminium discs of similar geometry to
measure Q ’s of 4 x 107. It has an electromechanical coupling coefficient1 of the order
of 10'10 and thus should negligibly load the Mo disc, both mechanically and electrically.
The transducer signal was amplified by a low noise FET preamplifier with bandpass
filtering and observed on a fast Fourier transform spectrum analyser with an effective
integration time of =*1 s.

0.1 mm 0
W wire
0.05 mm 0
Cu wires
Mo disc
PZT

SCALE

0

10

|_____| mm

Figure 1 Cross-sectional view of molybdenum disc sample

To avoid mechanical loading of the disc by an attached thermometer, an
advance calibration procedure was used. For the first run the thermometer was glued
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to the top of the post and the mode frequencies were recorded as a function of
temperature, with sufficient exchange gas to ensure thermal equilibrium. The
thermometer was then removed for subsequent runs to measure the Q, the
temperature being determined from the measured mode frequency. The pressure in
the low temperature experimental space was limited to 0.1 Pa but adequate to prevent
gas damping at a Q level of 108.
Condition of disc
n=2
(8.7 kHz)
As machined, unannealed
Annealed, 2 h at 1280° C

4.1 x 105
9.5 x 106

Remachined to circularity
and re-annealed

(9.1kHz)
9.4 x 106

Mode
n=3
(17.0 kHz)

__

(18.9 kHz)
8.6 x 106

Quadrupole
(21.4 kHz)
4.3 x 105
7.3 x 106
(22.7 kHz)
7.4 x 106

Table 1 Summary of maximum Q value (at 4.2 K) for each mode

Experimental results
The strong influence of annealing on the Q of Mo is demonstrated in Table 1,
where we summarize the maximum Q values observed at 4.2 K for each mode. As
machined in an unannealed state the Q is ~4 x 10 5. Lightly annealing, for 2 h at 1280°
C followed by chemical cleaning at room temperature, increased the Q by about one
and a half orders of magnitude to ~1 x 10 7, similar to the increase observed in Nb9.
The mean crystal grain size in the annealed disc was 0.02 mm. The n = 3 mode
exhibited an anomalously low Q due, we suspect, to an asymmetry created by the
‘flats’ and/or anisotropy in the plate itself. In a final experiment we remachined the
disc to circularity and re-annealed it: this restored the Q of the n = 3 mode to parity
with those of the n = 2 and lowest quadrupole modes.
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The temperature dependence of the Q and resonant frequency of the n = 2 mode
are plotted in Figures 2 and 3, respectively. The frequency curve has been normalized
to 4.2 K as it also applies to the other, nodally-suspended modes and in both the
annealed and unannealed states. The frequency shift (at all temperatures) from the
unannealed to the annealed state was approximately -0.35% over all modes.

Conclusions
Low acoustic losses in annealed Mo have been observed at 4.2 K. Further
work needs to be done to determine the dependence of the acoustic loss on impurity
concentration and the degree of annealing.

106
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100

1000
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Figure 2 Temperature dependance of the Q values for the n=2 mode: as, unannealed
state; •, lightly annealed state
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